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 Abstract 
 
 
Aluminium alloy castings are being used increasingly in safety-critical applications in the 
automotive and aerospace industries. To produce castings of sufficient quality, it is, therefore, 
important to understand the mechanisms of the formation of defects in aluminium melts, and 
important to have a reliable and simple means of detection. 
 
During the production of aluminium ingots and castings, the surface oxide on the liquid is 
folded in to produce crack-like defects (bifilms) that are extremely thin, but can be extremely 
extensive, and so constitute seriously detrimental defects. However, the presence of bifilms has 
not been widely accepted, because there has been no single metal quality test that has been able 
to resolve features that are only nanometres, or sometimes micrometres, in thickness. In the 
past, porosity has usually been held solely responsible for most failures in aluminium alloys, 
and hydrogen has been blamed as the actual cause. In this work it has been found that bifilms 
are the initiator and hydrogen is only a contributor in the porosity formation process. For the 
first time, evidence is presented for the contribution of air (or perhaps more strictly, residual 
nitrogen from air) as an additional gas, adding to hydrogen in pores in cast Al alloys. 
 
The Reduced Pressure Test (RPT) is used which is a simple and widely known test, is cost 
effective and involves no complicated equipment or consumables, thus recommending it for 
implementation on the foundry floor. Nevertheless, the discriminating use of the RPT clearly 
reveals the existence of bifilms, and the effect of hydrogen on porosity formation. On this basis, 
several Al-Si based alloys were studied: LM0 (99.5% Al), LM2 (Al-11Si), LM4 (Al-5Si-3Cu), 
LM25 (Al-7Si-0.4Mg), LM24 (Al-8Si-3CuFe), LM27 (Al-6Si-2Cu). A quality index -Bifilm Index- is 
introduced to quantify the results of the reduced pressure test which helps to asses the 
aluminium melt quality in best means. In addition, mechanical tests were carried out to 
correlate bifilm index with mechanical properties. 
 
The oxide content of recycled aluminium alloys has been a long-standing and serious problem. 
This thesis reports the use of the RPT test developed in this study to an industrial remelting 
facility that has resulted in significant benefit. 
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CHAPTER 1 
INTRODUCTION 
 
“Knowing your enemy”, probably the first step to success in a battle.  In castings, defects in 
microstructure determine the characteristics of an alloy; therefore, it is important to 
understand these defects and their formation mechanisms. 
 
The usage of aluminium and its alloys have increased in many applications and industries 
over the decades. The automotive industry is the largest market for aluminium castings and 
cast products. Aluminium is widely used in other applications such as aerospace, marine 
engines and structures. Parts of small appliances, hand tools and other machinery also use 
thousands of different aluminium castings. The applications grow as industry seeks new ways 
to save weight and improve performance. However, another aspect has become of critical 
importance: the achievement of quality and reliability of the products. Therefore, in the past 
decade, developments have focused on quality factors that affect the properties of aluminium.  
 
In a product, the properties are influenced by melt treatment, casting technique, solidification 
mode and microstructure. Solidification is the stage at which the microstructure is formed. 
Segregation and hot tearing are among the kind of defects that can occur during solidification. 
However, this is not the topic of this study. This thesis considers defects that are formed at the 
melting stage and during the handling of the melts in a casting process. All these processes 
occur before the stage of solidification. Undoubtedly, any defect present or created at the 
melting stage could be carried to the final microstructure (unless, perhaps, filters are used), 
effectively adding to any solidification defects, and will, of course, affect the component’s 
life. Therefore it is apparent that the control of the quality of the product begins with the 
control of the quality of the melt. 
 
At present, there is no single quality test that is capable of identifying and classifying the most 
serious defects that can exist in aluminium alloy melts. These defects, which have been held 
responsible for potential failure mechanisms, are dissolved hydrogen and the entrained 
aluminium oxide, in the form of defects known as ‘bifilms’.  
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The standard reduced pressure test (RPT) appears to be able to provide an indication of metal 
quality but has so far resisted quantification, being used, at best, as a comparative assessment. 
It involves the solidification of two small samples of melt, one at atmospheric pressure, and 
the other under a partial vacuum.  A comparison of the densities of the samples is then used to 
give a numerical indication of melt quality. However, as will be shown in this work, this 
approach is not at all reliable, and furthermore, the RPT is unable to distinguish between 
hydrogen content and metal cleanliness. It is important to address this issue because of the 
recognition that hydrogen porosity cannot nucleate (either homogeneously or heterogeneously 
as we shall see) without the presence of bifilms. For the first time, evidence will be presented 
later in this study for the contribution of air (or perhaps more strictly, residual nitrogen from 
air) as an additional gas, adding to hydrogen in pores in cast Al alloys.  
 
Early studies have assumed that hydrogen would always nucleate without difficulty so that 
there would be a linear relationship between the density of a sample and its hydrogen content.  
Therefore, simply by measuring the density at any stage of a process this would give an 
indication of the hydrogen content. However, the reality of the situation is that bifilms are the 
initiator and hydrogen is only a contributor in the formation of porosity.  
 
Earlier studies were also conducted at laboratory scale allowing only relatively few data to be 
collected. In the scope of this work, for the first time, data have been collected in the 
industrial environment of a secondary remelter company, allowing hundreds of different 
experiments and thousands of data to be collected. In this way the test was uniquely 
authenticated both statistically and experimentally.   
 
The aim of this work was first to develop the RPT into a quantitative (or at least semi-
quantitative) analysis technique for determining the metal quality in aluminium melts and 
then to correlate the metal quality with the mechanical properties.  
 
Although the research aims to make a number of contributions towards developing a 
quantitative method to describe the metal quality in detail we need to first establish exactly 
what is meant by the “enemy!” In addition, the term ‘quality’ is taken up as a challenge to 
establish a definition. These matters are reviewed in Chapter 2. 
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Then, in Chapter 3, the experimental study is presented which includes demonstration of the 
reduced pressure test where the issue of porosity phenomena was investigated. Once the 
operation of the reduced pressure test was established in the laboratory, the test machine was 
transported to the industrial environment to obtain larger data sets for a wide range of 
different alloys in different conditions. For instance, melts were sampled both before and after 
metal treatments such as fluxing, degassing and filtration. The unique feature of this exercise 
was that it provided for the first time thousands of results, not easily achieved in a laboratory, 
that constituted a stringent test of the usefulness of the concepts. 
 
In Chapter 4, the results of these discourses and experiments will be analyzed with reference 
to Campbell’s recently introduced concept of bifilms. This concept appears to be capable of 
building our understanding of metal quality in detail, allowing us to develop a quality index 
that will further assist foundrymen to produce high quality castings. 
 
The interpretation of results and evaluation, as well as evolution of metal quality, are 
addressed in Chapter 5, illustrating the coherence of the concepts introduced in this work. 
 
Finally, Chapter 6 presents the conclusions. 
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CHAPTER 2 
LITERATURE SURVEY 
 
 
Jules Verne, “From the Earth to the Moon”, 1865;  
The aluminium capsule is being shot into space (Chapter 7): 
 
“Employ another metal instead of iron” 
“Copper?” said Morgan 
“No! That would be too heavy. I have better than that to offer.” 
“What then?” asked the major. 
“Aluminium!” replied Barbicane. 
“Aluminium?” cried his three colleagues in chorus. 
“Unquestionably, my friends. This valuable metal possesses the whiteness of silver, the 
indestructibility of gold, the tenacity of iron, the fusibility of copper, the lightness of glass. It 
is easily wrought, is very widely distributed, forming the base of most of the rocks, is three 
times lighter than iron, and seems to have been created for the express purpose of furnishing 
us with the material for our projectile.” 
 
No doubt that with all the excitement and scientific success in the 20th Century, with the 
remarkable properties such as its light weight, strength, recyclability, corrosion resistance, 
durability, ductility, formability and conductivity, aluminium has become a valuable material. 
Due to this unique combination of properties, the variety of applications of aluminium 
continues to increase. Today more aluminium is produced each year than all other non-ferrous 
metals combined.   
 
It is these distinctive properties why aluminium has been predominantly associated with 
aerospace and automotive industries. The driving force for improved properties, lower 
production cost and greater strength/weight ratios together with demands such as reduced 
pollution, improved fuel efficiency and increased performance have helped aluminium alloy 
castings replace iron-based alloys  in many automotive applications.  
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Today, significant amounts of aluminium alloys are being cast to produce components. The 
automotive industry is the largest market for aluminium castings and cast products make up 
more than half of the aluminium used in cars. Main products include engine blocks, cylinder 
heads, suspension control arms, front strut supports, wheels, and pistons. The volume of cast 
aluminium components is projected to grow significantly in the next decade [1].  
 
There is growing evidence [2-12] that, in general, aluminium castings under-perform by a 
large margin. This is not only because of shrinkage or gas porosity, but particularly because of 
the existence of extremely thin but detrimental defects called bifilms. Bifilms may or may not 
become sufficiently open to become visible as porosity, but appear to be the ultimate 
challenge in today’s aluminium castings. Porosity, and probably unwittingly, bifilms, have 
been held responsible for many failures in products - low mechanical properties, low fatigue 
properties and reduced elongation. 
 
Considerable effort has gone into understanding and controlling defects that are formed in 
aluminium and its alloys during casting. This study furthers this effort, focussing on quality of 
the liquid metal during processing from the beginning (alloy manufacture) to the end of 
production (casting). The results of some laboratory scale studies together with a series of 
tests carried out in a commercial secondary remelting operation will be demonstrated. First, 
this literature survey starts with some brief information about the history of casting 
aluminium. 
 
2.1 History of Casting and Aluminium 
 
A casting may be defined as a “metal object obtained by allowing molten metal to solidify in 
a mould,” the shape of the object being determined by the shape of the mould cavity. So the 
process begins by melting the metal, blending the alloy, and finishes after pouring it into 
moulds. As can be recognized from the definition, casting is essentially a simple, inexpensive, 
and versatile way of forming so it is not surprising that it was historically the first method 
used. Even today, casting continues to be the most widely used method of forming. Technical 
advances, of course, have been made, but the principle remains the same: molten aluminium 
is poured into a mould to replicate a desired pattern. 
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Although it is not known who made the first casting, or exactly where, most historians believe 
that this great step forward was made in ancient Mesopotamia in the period of 4000-3000 BC. 
The oldest casting in existence is believed to be a copper frog cast in Mesopotamia probably 
around 3200 BC, and its complexity indicates clearly that it was preceded by simpler objects. 
It also has been claimed that cast gold objects were found in royal tombs of the first dynasty 
of Egypt dating back to 4000 BC [13].  
 
Progress in casting was necessarily slow. From pure copper, early man moved to bronze. In 
the years following 3000 BC, the metal casting process was a vital element in both art and the 
production of military hardware. Then came tin, zinc, and brass. Shortly after 1000 BC, the 
first production of cast iron is attributed to China. Developments in metal casting came 
swiftly in the 14th and 15th centuries after all the improvements in moulding practices. Clearly 
sand casting had largely displaced earlier clumsier methods of obtaining a metal shape. The 
available casting techniques were constantly improved upon as the industrial revolution 
gained momentum [13]. 
 
The development of casting practices for aluminium and its alloys is a relatively recent 
accomplishment. Aluminium alloys were not available in any substantial quantity for casting 
purposes until long after the discovery in 1886 of the electrolytic process of reduction of 
aluminium oxide by Charles Martin Hall in USA and Paul Heroult in France [14]. Although 
Hall’s invention provided aluminium at a greatly reduced cost, the full value of aluminium as 
a casting material was not established until alloys suitable for the foundry process were 
developed. Since about 1915, a combination of circumstances - gradually decreasing cost, the 
expansion of air transportation, development of specific casting alloys, improved properties, 
and the impetus provided by two world wars - has resulted in an ever-increasing use of 
aluminium castings [15]. 
 
2.1.1 Casting Processes 
 
Metal casting processes can be classified either by the type of mould or pattern, or by the 
pressure or force used to fill the mould with molten metal. Conventional sand, shell and 
plaster moulds often utilize a permanent pattern, but the mould is used only once. Permanent 
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moulds otherwise known as dies are machined in metal, graphite or other specially selected 
die matrix material and are used for large volume production castings. Investment casting and 
the lost foam process involve an expendable mould as well as an expendable pattern [16]. 
 
One of the most versatile methods is sand casting. Virtually any pattern can be pressed into a 
fine sand mixture to form a mould into which the aluminium can be poured. This is by far the 
highest productivity of any casting process, and highly economical. Variants of the process 
are also suitable for small quantities, intricate designs and one-off and large castings.  
 
Some of the main advantages of the casting process can be given as follows: 
 
1.  Most intricate shapes both internal and external may be cast. 
2.  Because of their nature, some metals can only be cast since they cannot be shaped by other 
methods. 
3. Construction may be simplified. A number of separate items in an assembly can sometimes 
be integrated to be cast as a single piece. 
4.  Highly adaptable to mass production. 
5. Extremely large, heavy metal objects may be cast that would be difficult and/or 
economically impossible to produce otherwise. 
6.  Some engineering properties are obtained more favourably in cast metals: in general a 
wide range of alloy compositions and properties is produced in cast form, and the 
properties available are generally isotropic. 
7.  Generally low cost. 
 
Aluminium is one of the most versatile of the common foundry metals, with cast products 
consuming, as a world average, some 20% of this metal. Its light weight is the one most 
commonly cited advantage. Apart from that, the special advantages of aluminium alloys for 
castings are the relatively low melting temperatures, negligible solubility for all gases except 
hydrogen, and the good surface finish that is usually achieved with final products. It can 
exhibit a wide range of mechanical properties (strength, hardness, and other properties may be 
greatly altered by alloying and/or heat treatment); architectural and decorative value; 
corrosion resistance; non-toxicity (cooking utensils, other food handling equipment); 
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electrical conductivity; ease of machining; lower shipping cost per piece. Most alloys also 
display good fluidity and compositions can be selected with solidification ranges appropriate 
to particular applications. However, a major problem with aluminium castings is the relatively 
high shrinkage of between 3.5 and 8.5% that occurs during solidification [17]. Other negative 
features include its high solubility to hydrogen in the molten state, the lack of resistance to 
abrasion and wear; inability to develop combination of high tensile strength, toughness and 
hardness as in ferrous alloys; lack of resistance to severe corrosion (compared to copper and 
stainless steel) [15]. 
 
2.2 Metal Quality 
 
One of the challenges faced by the foundry technologist and researchers is to obtain a 
consistent quality. Therefore extensive efforts have been made to produce quality products 
from various alloy systems meeting the demanding mechanical behaviour.  
 
There are three important features that define metal quality: control of trace elements, 
reduction of dissolved gas, and removal of non-metallic inclusions. Inclusions in the 
aluminium alloy act as stress-raisers, and can cause premature failure of a component [18-20]. 
Oxide particles and films are often the most common inclusions observed within aluminium 
melts. The oxides arrive in the melt right from the start of melting. They arrive as oxide skins 
on the surface of the material to be melted. When remelted in a crucible furnace, or other type 
of bath of molten metal, as each piece of solid charge is submerged and melts, its surface 
oxide floats free and becomes suspended in the melt. Such films are finally found as 
complete, massive, film-like or dross-like inclusions in finished castings [5]. 
 
The presence of these defects, as well as gas or shrinkage porosity formed during 
solidification, can make properties unpredictable and significantly affect the mechanical 
properties of aluminium castings [9, 21, 22], especially the ductility and fatigue properties [2, 
3, 23-28].  
 
Since the significant expression in the definition of casting is the use of liquid metal to give 
the shape of the object directly, the primary quality factor begins with the control of the melt. 
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As indicated above, the liquid metal may gain a significant amount of oxide from the melting 
process. However, even more may be added if the melt is handled poorly, particularly if it is 
violently stirred or is poured. The experimental studies in this thesis show later how these 
mechanical handling issues can introduce additional oxides. Ultimately, however, if during 
the final casting operation the melt is handled carefully, quiescently, then there will be no 
reason why a defect should form.  However, of course, the melt itself will often already 
contain a population of defects, unfortunately introduced during its previous processing that 
would normally have included one or more pouring stages.  
 
During melting, important interactions that occur between an aluminium melt and its 
environment include the absorption of hydrogen and the formation of oxide films. Hydrogen 
dissolves readily in liquid aluminium but is much less soluble in the solid state and may 
therefore form porosity if it is rejected from solution during solidification. The free energy of 
formation of alumina is such that it is impossible to prevent its formation at exposed liquid 
aluminium surfaces. In fact, the alumina film is an important part of the melting process, 
simply because it protects the metal underneath from further oxidation, or even, as in the case 
of molten magnesium, combustion. However, the problem begins when an oxide film is 
pushed into, or otherwise entrained, in the melt. These entrainment events are surface folding 
actions in which two non-wetting surface films will come into contact with gas trapped 
between them (Figure 2.1). This constitutes a defect that will act exactly like a crack in the 
liquid and is known as a ‘double oxide film’ defect or a ‘bifilm’ [5]. As a result, the potential 
for introducing defects into aluminium castings begins at the melting stage where hydrogen 
gas and oxide films become incorporated into the melt. 
 
2.2.1 The Dissolution of Hydrogen 
 
The majority of light metals and alloys in their molten condition are inclined to considerable 
adsorption of gases. The gases absorbed by the surface of the metal are capable of diffusing 
into the metal in the atomic state [29]. Oxygen, nitrogen and other gases form chemical 
compounds on the surface of the liquid metal, however hydrogen appears as the principal gas 
that can be taken into solution in the bulk liquid.   
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Hydrogen, on account of the small volume of its atom, diffuses more rapidly than other gases 
in liquid metals. The investigations [30-33] showed that diffusion through an alumina film is 
accomplished in the following stages: 
 
1. Dissociation of the molecular hydrogen 
2. Development of activated adsorption on the oxide surface 
3. Release of hydrogen from the adsorbed layer and its passage into true solution 
4. Movement of the dissolved hydrogen through the crystal lattice 
5. Passage of hydrogen into the absorbed layer on the opposite side of the film 
6. Desorption of atoms of hydrogen  
7. Transport by advection of the bulk liquid. 
 
The main source for hydrogen results from the dissociation of water vapour. Fluxes, crucibles, 
refractories and charge materials all usually contain some moisture which will add hydrogen 
to the melt. Water vapour may be readily found in the atmosphere, especially on hot and 
humid days. The reactions involved are 
 
  2 Al + 3 H2O → Al2O3 + 3 H2  (2.1) 
 
  ½ H2 (gas)  H  (in Al)  (2.2) 
 
As seen in Figure 2.2, the solubility of hydrogen in pure aluminium decreases with decreasing 
temperature [32, 34-40]. This decreased solubility of hydrogen in the solid phase can result in 
the precipitation of hydrogen gas, which may cause porosity.  However such precipitation 
requires suitable conditions, of course, otherwise the hydrogen is forced to remain in solution, 
in a supersaturated state (Figure 2.3).  
 
2.2.2 Formation of Oxide Film 
 
With the exception of pure gold, no pure metal and no alloy are stable in air at room 
temperature. All metals and alloys tend to react with air to form oxides and/or nitrides [41]. 
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As the temperature increases, the oxidation or nitridation rate increases (with the exception of 
Ag). In this study only oxidation is considered. 
 
Since in their molten state, many metals and alloys exhibit a solid surface film of oxide, the 
oxidation of liquid metal in various atmospheres plays an important role in melting and 
casting operations.  Many of the problems that arise in these operations originate from 
oxidation.  
 
For solid metals, the oxide films which form on the metal may protect it from further 
oxidation [41], and at the same time may influence the dissolution and release of hydrogen. 
Pilling and Bedworth, from an investigation of the process of oxidation of metals, established 
that the protective action of the film may be determined by the ratio of the molecular volume 
of the oxide to the atomic volume of the metal contained in the compound. If this ratio is 
greater than unity, a dense continuous film is formed; if this ratio is less than unity, a 
discontinuous film is formed; that is:  
 
1>
oM
Mo
dW
dw
  continuous film  (2.3) 
1<
oM
Mo
dW
dw
  discontinuous film  (2.4) 
 
Wo/M: the molecular weight of the oxide/metal 
do/M: density of the oxide/metal 
 
In the case of liquid metals the liquid would adjust its surface area infinitely to accommodate 
changes if its surface was a liquid. However, as we know, the surface of most liquid metals 
already has a solid oxide in place. Thus when the new solid forms on top of the existing solid, 
and volume and/or length changes are required, one or both of the phases has to give way. 
Such behaviour has been observed many times during the growth of multi-layered oxides on 
solid metals [42-45], and would be expected to occur similarly during multi-layer growth of 
films on liquids.  
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In the formation of a continuous protective film, the rate of oxidation is limited by the 
diffusion of atoms of oxygen through the film, and will decrease with time according to a 
parabolic law [41]. With discontinuous films, the oxygen will penetrate, not by diffusion, but 
principally through breaks in the film, and the rate of oxidation is likely to increase according 
to a linear law [29].  
 
For pure aluminium, because it is so very reactive with oxygen, oxidation starts by the rapid 
formation of an amorphous alumina layer within milliseconds, where the film grows by 
outward diffusion of aluminium ions [46-57]. This amorphous oxide film has a high 
impermeability to the diffusion of aluminium and oxygen ions; thus, the film forms a 
protective layer over the molten aluminium. Because they are entrained quickly and have little 
time to grow, amorphous films are referred to as ‘young oxides’ [58]. They are characterised 
by extreme thinness, usually measured in tens of nanometers. 
 
After an incubation time the amorphous oxide layer suffers a discontinuous change of 
structure. A fast migration of oxygen through the oxide-metal interface occurs at high 
temperature, resulting in a nucleation and growth of γ-Al2O3 crystalline phase under the 
amorphous layer [44, 45, 47, 48, 59-62]. The incubation for this transformation is normally 
around 5 to 10 minutes at 750oC [58] and is reduced by increased temperature and increased 
inclusion content in the melt [63]. During this period the films have time to thicken, becoming 
often micrometres or even millimetres thick. These thicker oxide films, referred to as ‘old 
oxides’ [54] are characterised by their crystalline form. 
 
Continued exposure of these films to temperatures at which the melt is held causes a final 
transformation from γ to α Al2O3 [47, 48, 59]. This transformation occurs naturally with the 
reaction of water vapour with the aluminium melt where hydroxyl ion removal proceeds by 
the absorption of hydrogen into the melt. After crystallization, the film grows inward by 
diffusion of oxygen through the crystalline oxide layer [54-57].  Reducing the water vapour 
pressure in the environment enhances the ease of transformation further, and results in a more 
rapid conversion of γ-Al2O3 to α-Al2O3. During this transformation the 24% decrease in 
volume of the oxide (which occurs due to the structure and morphology change in oxide from 
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cubic spinel γ-Al2O3 to rhombohedral α-Al203 [49]) results in fracture of the oxide which 
leads to breakaway oxidation [42, 44-46, 48-51, 53, 62, 64].  
 
In the case of alloys, the nature of the oxides formed depends on the melt composition.  The 
alloying elements such as iron, copper, zinc and manganese have little effect on this oxidation 
process.  However, in the presence of approximately 0.005 wt% of magnesium, the surface 
oxide is the mixed oxide MgO.Al2O3 also known as spinel [5, 44, 58-62, 64-70]. When the 
magnesium content of the alloy is raised above approximately 2%, then the oxide film is 
expected to be pure magnesia, MgO (Figure 2.4).   
 
Several studies [42, 44, 46, 49, 59-62, 64-66, 68-75] showed that this rapid degradation of the 
initial amorphous Al2O3 surface to a less protective oxide film consisting entirely of MgO or 
of both MgO and MgAl2O4, is explained by two possible mechanisms. The first mechanism is 
explained by the observation of two compositionally different layers: an outer layer of MgO 
and an inner layer of Al2O3 doped with small amounts of magnesium [44, 46, 62, 64, 67]. 
Although both magnesium and aluminium have high affinities to oxygen, the formation of the 
oxide layer is not only controlled by thermodynamics.  The growth is time dependent, and 
related to such kinetic factors as the diffusion rate of metal cations and/or oxide anions 
through the oxide layer.  Thus, the presence of an outer MgO layer strongly suggests that 
during the initial thickening of amorphous Al2O3 layer, Mg+2 ions diffuse through the 
amorphous Al2O3 layer more rapidly than Al+3 ions (Figure 2.4). 
 
The second mechanism is described by the nucleation of MgAl2O4. Mg oxidation kinetics is 
controlled by Mg diffusion through the oxide layer defects [61]. Evidently, because of its high 
vapour pressure, magnesium evaporates and ruptures the continuous film, altering its 
protectiveness [64].  Therefore, local pathways occur where oxygen is transported through the 
channels as well as the breakaway oxidation paths.  When the magnesium concentration at the 
melt-oxide interface falls to below a critical level, localised nucleation and formation of 
MgAl2O4 are favoured by preferential breakaway oxidation.   
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2.3 The Concept of Surface Entrainment: Bifilms  
 
In contrast to all the problems that are created by the surface films, the molten aluminium can 
actually benefit from this oxide skin. Because of the protective nature of the alumina that is 
formed on the surface, the oxidation cannot continue further down into the melt. Therefore it 
is important to keep in mind that the oxide only begins to be a problem when the surface film 
is submerged [5]. During this action, a single oxide cannot be submerged alone. It has to be 
folded. Since the film is grown from the melt, the underside is in atomic contact however the 
top surface will be crystalline. Therefore, during the folding action two film surfaces will be 
brought into contact. These surfaces of solid oxide will of course have zero bonding between 
them (Figure 2.1). This bifilm will act as a crack in the liquid. During turbulent filling, 
handling, transfer or pouring, the melt may become filled with huge density of these cracks 
[76].  
 
Campbell [76-78] has shown that this surface entrainment occurs if the velocity of the liquid 
exceeds a critical value. The critical value corresponds to that speed at which the metal can 
just reach the height of a sessile drop. It can be shown: 
 
 
4
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
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

=
r
Vcritical
γ
   (2.5) 
 
Where γ is surface tension, r is density. This critical value has been shown both theoretically 
and experimentally to be approximately 0.5 m/s for liquid aluminium [5].  
 
It is all the more curious as quoted by Campbell [77] that “for many thousands of years any 
action which resulted in the folding-in, or submergence of the surface, was not widely 
appreciated as a potential source of major problems for castings made from such metals.” 
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2.3.1 Incorporation of Surface Films into Melts  
 
Cleanliness of a molten aluminium alloy is a function of the type and amount of bifilms 
present. There are various mechanisms by which these cracks can be incorporated into 
castings [5]. 
 
For example, the oxide skin of the charged metal is automatically incorporated during 
melting. During handling or transfer of the liquid metal, the surface of the liquid may be 
broken due to surface turbulence (Figure 2.1). During the pouring, at higher speeds and 
heights, dross can be carried under the surface together with entrained air (Figure 2.5). 
Because of the geometry of a casting, the metal stream may separate and rejoin together at 
some distant location. This rejoining of the advancing film fronts may form a bifilm (Figure 
2.6).   
 
2.4 Compacting and Unfurling (ravelling and unravelling) of Bifilms 
 
The entrainment process of bifilms was described previously as folding action and two halves 
coming together to become incorporated into the melt. However, the bifilms could ravel into 
small compact features by the internal turbulence created in the melt. Therefore their size 
could be reduced approximately 10 times from their original size. In this form they could be 
relatively harmless [76]. However, during solidification, they could unravel back to their 
original starting shape to form a planar crack. The possible mechanisms that could assist this 
type of an action can be summarised as follows:  
 
1. hydrogen precipitation in the air layer between the films 
2. shrinkage, reducing the pressure acting on the films 
3. iron precipitation in the form of beta phases 
4. large grain size, encouraging extensive rafts of dendrites to straighten the films by an 
inclusion pushing action.  
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The loss of ductility observed as a result of hydrogen porosity, shrinkage porosity, iron levels, 
and large grain size, all occur mainly as a result of the action in opening the compact 
convoluted bifilms [79].  
 
In this thesis, the precipitation of hydrogen in between the bifilms, straightening and inflating 
the double film, is a central feature of the study. 
 
2.5 Porosity Phenomena 
 
2.5.1 Nucleation 
 
Pore formation is assumed to obey the laws of nucleation and growth [5, 80-82], the formal 
theory of which is analogous to the theory of the nucleation of a solid from the liquid (Figure 
2.7). The process consists of the following:  
 
1. The presence of hydrogen atoms within the liquid pool (because of segregation, as the 
solidification front advances, the hydrogen content in the liquid is concentrated ahead 
of the front) 
2. The formation of sub-critical embryo pores  
3. Pores having the radius above the critical size continue to grow (as long as hydrogen 
atoms are available) 
 
Following the approach of Fischer [82] for homogeneous nucleation, a quantity of work is 
associated with the formation of a bubble in the liquid. The formation of a pore of volume V 
requires work equal to peV, meaning that porosity has to push back the liquid far enough to 
create a bubble of volume V, where pe is the pressure of the liquid. The formation and 
stretching out of the new liquid-gas interface of area A requires a work of γA, where γ is the 
interfacial energy per unit area A. The work required to fill the bubble with gas at pressure pi 
is negative and equal to –piV, because pressure inside the bubble clearly helps the formation 
of the bubble [5]. Assuming the bubble to be spherical in shape and of radius r, the total work 
is: 
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where r* is the critical radius for the homogeneous nucleation of a bubble, below which it is 
not capable of surviving and above which it will tend to grow (Figure 2.7), ∆p is the pressure 
difference inside the pore and γ is the surface tension of the liquid. 
 
In castings, the nucleation of pores can be expected to occur primarily at heterogeneous sites.  
Heterogeneous sites are inherent in almost all liquids, with inclusions forming the most 
important category of such sites in the melt.  Since oxides and other non-metallic inclusions 
are not wetted by the metal, the microscopically rough surfaces with free cavities serve as 
nuclei for bubbles to grow. It has been well demonstrated that the presence of inclusions and 
oxides greatly enhances the porosity formation in aluminium alloys [83-89].  
 
The energy relationship between homogeneous and heterogeneous nucleation is given by [5]: 
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   (2.8) 
 
where Phet and Phom are the pressures required for heterogeneous and homogeneous 
nucleation, and θ is the contact angle between the solid particle and the liquid, which defines 
the extent of wetting: θ = 0o means wetting whereas θ =180o means complete non-wetting 
(Figure 2.8). As seen from Figure 2.8 and Equation 2.8, as the wetting angle decreases, the 
ratio of Phet/Phom goes to unity which is the wetting condition that is homogenous nucleation. 
This corresponds to greatest difficulty for the nucleation of a pore. The nucleation becomes 
even harder on a well wetted surface than in the bulk liquid, because there are fewer atomic 
sites on a surface compared to the bulk. 
(2.7) 
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2.5.2 Growth 
 
During solidification, dissolved atomic hydrogen in excess of the low solid solubility, may 
tend to associate to the molecular state if embryonic pores are available, forming bubbles. The 
content of atomic hydrogen at which pores will form is known as the ‘threshold hydrogen 
content’. This will only occur if the equilibrium hydrogen pressure is sufficiently high:  
 
  stmasg ppppp ++>+  (2.9) 
 
Here, pg is equilibrium pressure of dissolved gas in the melt, ps is pressure drop due to 
shrinkage which helps the formation of porosity, pa is atmospheric pressure of system, pm is 
pressure due to metallostatic head (ρLgh), pst is pressure due to surface tension (2γ/r ). 
 
When the pressure inside this homogeneously or heterogeneously nucleated gas bubble is 
greater then the sum of the variables (pa, pm, pst, ps) in Equation 2.9, then the growth of a pore 
is favoured [86, 89-107].  In other words, porosity will grow if the pressure difference across 
the embryonic bubble surface, with positive pressure from hydrogen gas inside, and negative 
pressure created by shrinkage on the outside, exceeds the restraining pressure due to surface 
tension. Even in the most favourable case that can be imagined, however, the nucleation and 
growth of a bubble is unlikely because of the huge difficulty of nucleation, whether 
homogeneous or heterogeneous: the small size of the embryonic bubble means that the 
pressures involved are enormous, in the range of gigapascals. Thus it is unlikely that 
supersaturations of hydrogen, nor tensile stresses due to shrinkage, will be sufficient to 
achieve the nucleation condition.  
 
2.5.3 The New Approach to Pore Formation 
 
In cast aluminium products the occurrence of low mechanical properties has traditionally been 
assigned to the presence of porosity: both macro and micro. The usual interpretation is that 
microporosity results from (i) an incomplete liquid metal feeding which leads to volumetric 
shrinkage, and (ii) reduced solubility of hydrogen upon solidification. For this reason, there 
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has always been an attempt to control shrinkage and gases in metals in an effort to reduce the 
formation of porosity. 
 
Tremendous efforts, including theoretical, mathematical and analytical approaches have been 
made over the past decades to understand the porosity problem in aluminium castings with a 
view to providing a remedy.  A summary of recent studies [108-156] on porosity formation in 
aluminium castings is shown in Table 2.1. The size, the shape, the location, the amount of 
pores that would be formed was aimed to be calculated prior to castings. However, in most of 
the cases the predictions have corresponded poorly with the experimental results.  
Unfortunately, researchers have not satisfactorily explained the reasons why. 
 
It was the classic and pioneering experiment by Brondyke and Hess in 1964 [157] that 
demonstrated that a sample of liquid aluminium which solidified to give a porous solid, when 
passed through a filter gave a sound solid. This was a first indication that pore formation 
required the presence of foreign inclusions in the melt. The implication of this finding was 
that clean liquid metals could withstand considerable stress without the formation of porosity 
[78]. 
 
The statistics of the mechanical failure of castings, and the direct observation of the filling of 
castings using real-time X-ray radiography had actually demonstrated for the first time the 
association between surface turbulence and the creation of porosity [78]. Recently, for the 
first time, these bifilms, acting as cracks, have been observed in liquid aluminium alloys by 
Fox [158-160]. Using the reduced pressure test technique, he manipulated the conditions 
during freezing so that the cracks opened sufficiently to be recorded by radiography. This 
work corroborated the theory that folded oxide skins introduced into the melt were somehow 
related to the porosity in castings. Taking this recent work in consideration, a detailed 
investigation on the reduced pressure test was aimed to resolve this issue in this work. 
Therefore, the hypothesis and the starting point of study was that bifilms that are introduced 
into the melt could be the ‘primary’ cause of porosity in castings. 
 
It has been recognised that the homogeneous nucleation of pores in liquid aluminium would 
require extremely high gas contents and shrinkage pressures of the order of 30,000 
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atmospheres (Equation 2.7) [161, 162]. Thus, the homogenous nucleation of pores is in 
principle difficult and is unlikely to occur in practice. Although the energy required for 
heterogeneous nucleation is 1/20th of that of homogenous nucleation (Figure 2.8 b) [5], 1500 
atmospheres is still too high to be reached in a usual solidification process. It follows that the 
occurrence of porosity in cast metals has presented an intractable problem, simply because, in 
theory, porosity cannot be nucleated. The predictions of the classical atomic models are, at 
best, probably overestimating the difficulty of initiating pores by at least two orders of 
magnitude. It seems from general experience that pore initiation in castings almost certainly 
occurs at stresses less than this. As it happens, in the words of Campbell [5] “the opening of a 
bifilm involves negligible force, being so easy that it can be assumed that this process will be 
overwhelmingly favoured, and making irrelevant all the conventional assumptions of 
homogeneous or even heterogeneous nucleation. As a result, for the initiation of all porosity, 
whether gas or shrinkage, and whether in conditions that are well fed or unfed, or high gas or 
well degassed levels, it is assumed that bifilms are the initiation source”. For the first time, 
evidence for this theory will be demonstrated and experimental findings that support this 
approach will be shown in the results of this work.  
 
2.6 Porosity Types 
 
Porosity formation in aluminium alloys can be classified as follows:  
 
 according to size: 
 
a.   macroporosity 
b. microporosity 
 
 according to cause: 
 
a.  shrinkage 
b.  gas  
(i) precipitated from solution in bifilms during solidification  
(ii) mechanically entrained by surface turbulence 
(iii) mechanically blown into the melt (as, for instance, for a core blow).  
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These categories are not hard distinctions, but they do provide a starting point for an 
introduction. Apart from the bubble damage arising from pouring and mould filling, 
classification according to cause will be discussed briefly, because hydrogen is the major 
contributor of porosity in aluminium alloys. 
 
Since nucleation is not possible in a casting free from bifilms, there is no remaining 
mechanism for pore formation. In case of the presence of bifilms, then the growth of the pores 
can be controlled by two mechanisms (inspired by Whittenberger [163]): 
 
 with feeding: if there is enough feeding, in which any reduction in environmental pressure 
around the bubble is negligible compared to the metallostatic pressure, then 
the rate is controlled by the rate of gas deposition alone into bifilms 
 
 without feeding: average growth rate is controlled by shrinkage rate (controlled by the rate 
of solidification of course) and deposition of hydrogen in combination. 
 
The rate of gas deposition is controlled by a diffusion process, therefore increasing the 
freezing rate reduces the time available, and so reduces total volume of gas porosity. It has to 
be kept in mind that a porosity-free casting does not necessarily mean a bifilm-free casting.  
 
2.6.1. Shrinkage Porosity 
 
Basically, shrinkage porosity arises because of the density difference between the solid and 
liquid alloy phases. As solidification proceeds, the volume diminishes and surrounding liquid 
flows in to compensate. Depending on the amount and distribution of solid, the fluid flow 
may be impeded or even completely blocked. When sufficient liquid cannot flow in, the solid 
may flow in (a process known as solid feeding, and is essentially the plastic collapse of the 
casting by a creep process at the high temperatures involved). If neither liquid nor solid can 
feed the shrinkage, a large internal tensile stress develops that may be sufficient for voids 
(pores) to form. This shrinkage porosity can be either small-distributed pores or one large 
pore. 
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Out of five possible feeding mechanisms (Figure 2.9), interdendritic feeding is considered to 
be the one of the most difficult stages for the creation of porosity defects. Particularly in long 
freezing range alloys, feeding becomes progressively more difficult due to the decreasing size 
of the channels (Figure 2.10). Eventually, the channel freezes completely and isolates small 
areas from the supply of fresh metal. At this stage only solid feeding remains, the solid 
collapsing plastically to compensate for the volume deficit.  
 
2.6.2. Gas Porosity 
 
The basic concept driving the precipitation of hydrogen during solidification is the solubility 
difference of hydrogen in the solid and in the liquid. Since it is low in the solid, some of the 
gas will be rejected from solution during solidification.  The rejected gas diffuses into the 
bifilms (into the porosity inside or actually initiated by the bifilms) and expands the central 
gap. The consequent expansion of the bifilm may be constrained in the restricted spaces 
between the growing dendrites, so that they become irregular, gas-filled cavities with the 
characteristic “interdendritic” shape as seen in Figure 2.11a. These types of pores are 
sometimes erroneously identified as shrinkage pores.  Depending on the fraction of eutectic 
phase, these cavities may also appear “round” (Figure 2.11b) [164-167]. This depends on the 
mode of freezing, whether planar or dendritic. 
 
2.7 Factors Affecting Porosity 
 
Piwonka and Flemings [108] have studied porosity formation. The aim of their work was to 
examine analytically the general problem of pore formation in solidification and to perform 
limited confirmatory experiments. They concluded that shrinkage and microporosity result 
from: 
 
 the pressure drop difference arising from resistance to flow,  
 the solidification mode where hydrogen diffusion is associated, and 
 the initial hydrogen content of the melt.  
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Their work inspired many investigators to calculate the porosity [27, 91-101, 103-105, 110-
119, 144, 145, 151-154, 168-187].  After these investigations, other factors such as chemical 
composition, solidification range, volumetric shrinkage, cooling rate, heat extraction, grain 
structure and the presence of oxides and inclusions were found to influence gas porosity 
formation. Gathering this information together, the factors that increase the likelihood of 
porosity formation are described in the following sections.  
 
2.7.1 An increase in hydrogen content of the melt 
 
The initial hydrogen concentration in the melt is one of the most important factors influencing 
the amount of porosity formed. At low initial concentrations, pores form late and they are 
usually small (Figure 2.12 c-d). At high initial concentrations (Figure 2.12 a-b), pores start to 
form in the early stages of solidification and grow much larger [86, 91, 92, 101, 103, 106, 
116, 127, 134, 143, 151, 169, 188]. 
 
2.7.2  An increase in the Entrained (exogenous) inclusion content 
 
The content of the entrained inclusions is one of the foremost important factors because the 
non-wetted (microscopically rough) surfaces already constitute the initiation site (the growth 
point) for hydrogen diffusion and pore growth [83-86, 88, 89, 157]. The only way inclusions 
can be entrained (i.e. included in the liquid by being introduced through its oxide-covered 
surface) is being wrapped by the surface oxide film [5] as seen from Figure 2.13. In this way 
the inclusion is generally surrounded by an adherent layer of air trapped inside the thin oxide 
skin. It is therefore a good initiation site for expansion by hydrogen precipitation. 
 
2.7.3 Oxide structure 
 
Pure aluminium is a soft ductile metal, but by alloying with other elements, the physical and 
mechanical properties can be substantially changed. Typical alloying elements are copper, 
magnesium, silicon, zinc, titanium and iron. One of the important aspects of alloying in the 
oxidation process is passivation by the growth of a protective oxide. However, alloy 
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modifications can alter the oxide structure.  For instance, when strontium is present in the 
melt, SrO.Al2O3 forms, which is less protective than amorphous Al2O3 [84, 128, 138, 189-
192].  Similarly, magnesium addition alters the oxide film from Al2O3 to spinel MgAl2O4 or to 
MgO which is also weaker [44, 46, 59, 62, 66, 70, 193, 194]. During these transformations, 
hydrogen gas may also be introduced into molten metal (Equation 2.2), if moisture is present 
in the environment. Therefore as the rate of gas pickup at the surface is increased, together 
with increased oxidation, porosity will increase.   
 
2.7.4 Alloying 
 
Grain refiners are added to alloys to increase the strength and toughness by changing the 
microstructure, especially to a smaller grain size. However, these changes also alter large 
pores to smaller discrete pores. But it has been recognised [102, 106, 119, 127, 130, 133, 142, 
190, 191, 195-198] that this alteration of the microstructure only alters the size of the pores 
but not the number of pores. In addition, some elements shift the eutectic temperature, while 
others may affect the hydrogen solubility in aluminium (Figure 2.14) [35, 36, 199, 200].   
 
2.7.5 Cooling rate 
 
Increasing the solidification velocity reduces the time for diffusion of hydrogen [95, 106, 130, 
167, 169, 170, 181, 190, 195, 198, 201-204] into the bifilms. Eventually, porosity will 
decrease (Figure 2.15). 
 
2.7.6 Intermetallics 
 
Although the iron content in Al-Si alloys is at an impurity level, it plays an important role in 
the mechanical behaviour of the alloy.  Relatively large amounts of iron are soluble in liquid 
aluminium (in excess of 2 wt%) but the solubility in the solid at its freezing point is only 
about 0.005 wt%.  Because of this low solid solubility, the segregation ratio of iron is high. 
The great increase of iron at the freezing front encourages the formation of iron-rich 
intermetallic phases. These intermetallics nucleate on oxide films [83, 126, 164, 165, 205-
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209] present in the liquid metal. Furthermore, because of their morphology, as the 
intermetallics grow they tend to unfurl bifilms [164, 165], changing them from compact 
ravelled defects to large planar cracks. Iron phases have traditionally been blamed for 
fractures in Al alloys because they were thought to be brittle. Actually it appears that the 
bifilms on which iron phases nucleate are responsible for the fracture since, of course, they 
constitute cracks in the solid (Figure 2.16). 
 
2.8 Measurement of Metal Quality 
 
The dissolution of hydrogen gas in liquid aluminium has been assumed to be a significant 
issue for the production of high quality castings. Clearly, it seemed that reliable measurement 
of the hydrogen content in the melt was required. This led to the development of many 
techniques.  
 
Early attempts to determine the hydrogen content started in the 1950s.  Several techniques 
based on solidification under reduced pressure have been tried [38, 39, 210-213] where the 
densities of the small samples solidified under vacuum were measured, and comparison with 
the theoretical density was related to the amount of hydrogen evolved. The technique was 
commendably robust and low cost, but quantitative assessment of the gas in solution to any 
degree of accuracy and reliability has remained elusive. 
 
Currently, methods such as RPT (Reduced Pressure Test), NOTORP, Alscan, Hyscan, 
Telegas are used to determine hydrogen content, which have developed from early attempts in 
1950s. The principle of most of these methods is basically as follows: a gas (N2 or Ar) is 
circulated through the liquid by a probe.  When hydrogen equilibrates with the carrier gas, the 
partial pressure or activity of the hydrogen is measured giving the hydrogen content. This 
fundamental technique is complex, delicate, expensive and slow. 
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2.8.1 Inclusion Detection Techniques 
 
Over the years, a number of test methods have been developed for inclusion detection in 
liquid aluminium (Table 2.2), but the general experience in the casting industry has been that 
these were usually slow, inappropriately complicated and/or expensive for use on the foundry 
floor. The main approaches are listed below. 
 
2.8.1.1 LIMCA (Liquid Metal Cleanliness Analyser) 
 
A measurement is made of the electrical potential across a small hole (diameter 0.05 to 0.10 
mm) through which a sample of liquid is forced to flow (Figure 2.17). The approach is one of 
the few inclusion detection techniques that is continuous in action, and so can monitor quality 
of metal flowing in a launder for instance [214]. Naturally this technique is limited to 
inclusions that can enter the hole. The inclusions that are seen to be important in the technique 
described in this present work are in range from 1 to 10 mm diameter as will be described. 
Thus the most important inclusions cannot be detected by the LIMCA test. 
 
A further development of LIMCA in which the voltage drop across a tube of perhaps a 
fraction of a mm in diameter is monitored clearly had in mind the detection of minute, 
compact spheroidal inclusions. The approach remains curiously inappropriate for up to 10 mm 
diameter film-type inclusions.  
 
2.8.1.2. PoDFA – PREFIL (Porous Disc Filtration Analysis) 
 
Both the PoDFA and PREFIL tests involve the passing of the melt through a fine filter. The 
filter and its deposit can be subsequently sectioned and the inclusions identified by 
metallographic techniques. The interpretation of the metallographic sections is a highly 
skilled and lengthy operation, and not easily quantified [214]. However, for PoDFA the rate 
of blockage of the filter is an additional measure of cleanness (Figure 2.18). The samples 
required for a reliable result are generally in the range of approximately 2 kg.  The technique 
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requires a certain degree of skill; otherwise the filter can block prematurely and give a poor 
result.  
 
Techniques using filtration (pore size in micrometres) cannot detect nanometre thick films, 
nor are the techniques expected to be sensitive to their presence since they are not structurally 
rigid and so wrap around the filter structure so closely that they will remain undetectable even 
in carefully polished metallographic sections. 
 
2.8.1.3. Ultrasonic 
 
A number of interesting attempts have been made to monitor reflections from inclusions in 
the melt using ultrasonics. The method can be clearly used on single samples or continuously 
(Figure 2.19). Signals can be obtained and counted, but seem to correspond to inclusions of 
size only up to 0.1 mm diameter [18]. This is possibly because ultrasonic techniques will be 
expected to receive echoes from crumpled areas of films, giving the appearance of groups of 
small reflectors instead of one large, but not very flat, film.  
 
2.8.1.4 Summary of Quality Assessment Techniques 
 
Thus all of our current sophisticated techniques for inclusion detection and monitoring give 
cause for concern. In addition, the accuracy of some of the techniques has to be questioned 
when alumina films often exceed 10 mm across, but are only nm thick.  
 
Thus all major techniques for the assessment of the quality of melts tend to measure either 
hydrogen or inclusion content. In addition many of the techniques have become highly 
sophisticated and therefore involve expensive hardware and software. However, as mentioned 
before, hydrogen alone is not the major factor reducing quality; it is actually the combination 
of hydrogen and bifilms together that plays the effective role.  
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2.8.2. Reduced Pressure Test (RPT) 
 
Having carried out this critique of the techniques for quality assessment of liquid aluminium 
alloys, in contrast to other quality assessment techniques, the Reduced Pressure Test (RPT) 
was regarded as having the best potential for development. It was simple and rugged, and 
sensitive to both gas and inclusion content, particularly double oxide films.  
 
The Straube-Pfeiffer vacuum solidification test, giving the RPT the full name of its German 
originators, has been generally denigrated as a result of its failure to be a reliable hydrogen 
test. In fact, however, it has always been a good test of the porosity potential of the melt. 
Interestingly, the humble RPT is precisely what is required to meet the required conditions for 
the effective control of porosity, since, as we have noted previously, we need to monitor both 
inclusions and hydrogen content. Either alone is insufficient. 
 
In addition to being fundamentally appropriate, the test is easy, robust, simple, low cost, and 
relatively quick, assessing the effect of both detrimental defects: (i) hydrogen and (ii) 
entrained inclusions, or perhaps more explicitly, bifilms.  
 
The test simply consists of solidification under a reduced pressure (Figure 2.20). The 
reduction of pressure serves to magnify the effect of dissolved gas on the opening of bifilms. 
The schematic illustration is given in Figure 2.21. For instance, if the pressure is reduced to 
1/100th of an atmosphere, it is expected that the residual air layer between the films would be 
expanded by approximately 100 times, thus converting an essentially invisible defect into one 
that is visible on an image produced by X-ray radiography, and to the unaided eye on a 
polished section. 
 
The popularity of the RPT as currently widely used in the industry lies in the relative 
simplicity and inexpensive nature of the test.  One major disadvantage is, however, that it is 
not quantitative.   Nevertheless, it becomes possible to identify the size, shape, type and 
distribution of non-metallic inclusions in the final product which can be seen on a polished 
cross section of the reduced pressure test. These can be used by the cast shop as the 
‘fingerprints’ of the melt. Thus even in its simplest qualitative form, the test is useful. 
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2.9 Secondary Remelting – Recycling 
 
Recycling of metals has become an essential part of a sustainable industrial society 
economically, technically and ecologically.  For these reasons, the process of recycling has 
become of great importance where each metal has its own recycling method. Besides the 
valuable metals such as gold, the recycling of aluminium has grown to a great extent [1, 215-
218]. 
 
Materials that are discarded during the manufacturing and fabrication of aluminium and its 
alloys, and materials that are recovered when an aluminium article has been produced, used 
and finally discarded at the end of its useful life, are generally defined as scrap. Such material 
includes used beverage cans, car cylinder heads and blocks, window frames from demolished 
buildings and old electrical conductors. The recycling of all these is carried out by secondary 
aluminium refiners or remelters [1]. 
 
Secondary aluminium refiners convert most of their materials into foundry ingot, generally 
based on the aluminium-silicon alloy system with additions of other metals such as copper 
and magnesium. These ingots, formulated according to recognised national or international 
specifications (Table 2.4), go into the manufacture of aluminium cast components.  The 
application area of alloys is given in Table 2.5. A significant share of the secondary 
aluminium refiners’ output is also delivered in a molten form by road tanker to large foundry 
users thus eliminating the need for further melting operations [1, 215-218]. 
 
One of the most important factors in recycling aluminium is that remelting saves up to 95% of 
the energy needed to produce the primary product. Another important factor is that the 
majority of used aluminium can be recycled, which makes it highly valuable. Today recycled 
aluminium accounts for one-third of aluminium consumption world-wide [1].  
 
Naturally, the recycling process does not consist simply of gathering scrap and remelting it, 
usually into bars or ingots for subsequent re-melting by the casting industry. The quality of 
the recycled material has to be of a sufficient standard to make adequate castings. It is well 
known by casters that the remelting industry turns out, inadvertently, different qualities of 
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ingot from plant to plant, and, unfortunately, also can vary from a single plant on a melt to 
melt basis. 
 
With a view to attempting to understand the factors that are of major importance in the control 
of quality, a typical secondary remelting process includes: 
 
1. Sorting of scrap into alloy types 
2. Centrifuging and drying to reduce contaminants such as oil and water. 
3. Magnetic separation of iron.  
4. Melting.  
5. Fluxing and degassing to remove inclusions, oxides and dissolved gases. 
6. Pouring into a holding furnace 
7. Chemical analysis and adjustment of analysis if necessary. 
8. Transferring to casting unit via a launder (a refractory lined open channel) 
9. Casting into bars or ingots on an automated casting machine.  
 
2.9.1 Melting 
 
2.9.1.1 Rotary Furnace 
 
A common method for the melting of aluminium is the use of a rotary furnace [218-220]. This 
starting point for recycling consists of a cylindrical, refractory lined steel drum, supported by 
a structural steel frame. The furnace is heated by a natural gas flame that burns along the axis 
of the drum (Figure 2.22). These furnaces are efficient melters because of their action in 
rotating the heated roof refractory under the melt for direct contact, together with a good 
mixing action. Once preheated, flux and feed material are charged into the furnace. The 
natural gas burner is then positioned in the melting chamber and the furnace rotated. The 
molten metal is then discharged to a holding furnace or to the casting area. 
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2.9.1.2 Tilt Rotary Furnace 
 
The tilt rotary furnace works in the same way as the rotary furnace, the major difference being 
the horizontal tilting action so that the initial feeding of scrap, charge, salts and the final 
casting is done from the same door giving an advantage of high yield and low maintenance 
cost (Figure 2.23). 
 
2.9.1.3 Electric Furnace 
 
The principle of operation of the induction furnace is the phenomena of inducing electrical 
current in the charge by means of a alternating magnetic field supplied by an induction coil 
that surrounds the crucible (Figure 2.24).  
 
The key advantage of induction heating is its speed; melting as a result of the Joule heating 
from the induced current. In addition, of course, the unit is free from significant polluting 
effluents, and gives a working environment that is relatively cool and safe. 
 
2.9.2 Fluxing 
 
When melting and handling molten aluminium alloys, foundries must combat the formation 
of dross, non metallic inclusions and oxide build up. The difficulty in remelting aluminium 
alloy swarf and light scrap is that these materials have a large active surface area that can 
become further oxidised during heating. 
 
To overcome these problems, the process relies on fluxes. A flux is a material (often based on 
a chloride or fluoride) added to molten metal that unites with impurities to form a dross or 
slag, which rises to the surface of the metal and can be removed by skimming. Fluxing is a 
useful means of obtaining clean metal, preventing excessive oxide formation, removing non 
metallic inclusions from the melt and removing oxide build-up from furnace walls [221, 222].  
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In general fluxes can be broadly categorized as passive or active. Passive fluxes protect the 
surface of the molten bath from oxidation and prevent hydrogen pick up by the melt. Active 
fluxes react chemically with the aluminium oxide and clean melt more effectively [221, 222].  
 
The role of inclusions in aluminium is of great importance in that every aspect of quality is 
affected by the presence of these second phases. Thus during processing operations, attention 
should be paid to mitigate the formation of inclusions, and as importantly, to remove those 
which are already present in the melt.  
 
2.9.3 Degassing 
 
There are many sources of hydrogen during the melting and preparation of aluminium: 
atmospheric humidity, grain refiners, fluxes, damp tools, scrap, and the products of 
combustion. These factors along with the normal atmospheric oxygen, also contribute to the 
formation of oxides and inclusions.  
 
Bubbling an inert gas through a melt of aluminium reduces the amount of undesirable 
hydrogen. Hydrogen is removed from the melt by its diffusion into the degassing bubbles as a 
result of the difference in partial pressure between the melt and the gas [156, 223-227].  
 
Factors that influence the diffusion of hydrogen into the degassing bubbles are [223]: i) the 
area of contact surface between the gas and the melt, and ii) the contact time between the gas 
and the melt. For this purpose, different types of degassers are used as shown in Figures 2.25 
and 2.26.  
 
The ceramic diffusers [228, 229], for example, promote the efficient elimination of included 
hydrogen in less processing time than with open-ended tubes, because of the smaller size of 
bubbles and consequently greater area of bubble surface that is generated. In addition, they 
have advantages such as resistance to aluminium attack, excellent resistance to thermal shock, 
longer life than graphite, non-wetting minimizes dross build-up, lower flow rate than graphite 
diffusers for equivalent degassing. 
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The degassing process also reduces non-metallic inclusions since they generally become 
attached to the rising bubbles (if surface energies are favourable (non-wetting)) and are 
subsequently skimmed from the surface. The inert gas (argon and/or nitrogen) bubbles bring 
about excellent stirring that assists in homogenising the temperature and chemical 
composition of the melt. 
 
SUMMARY 
 
For critical applications, it is vital to produce high quality and reliable castings. The quality 
and reliability are largely threatened by the defects that may be present in the structure. Since 
the final microstructure is directly dependent upon the as-cast microstructure, it is essential to 
determine the defects that are formed during production. 
 
Porosity, viewed as one of the most important factors of quality, has been generally held 
responsible for low mechanical properties (particularly fatigue and elongation). As a 
consequence, hydrogen has been believed to be main cause and source of porosity. However, 
the required energy for nucleation of porosity (either homogeneously or heterogeneously) is 
extremely difficult to achieve during solidification. In contrast, the folded oxide skins 
introduced into the melt by turbulence, namely ‘bifilms,’ serve as sites into which hydrogen 
can precipitate, and shrinkage can cooperate, to expand the defects without difficulty. 
 
The RPT is a simulation of the common condition inside a casting, where the effects of 
shrinkage and gas act in combination to grow porosity; the application of the vacuum 
additionally cooperating to expand the gap between the bifilms. This accurate simulation 
makes it the perfect test of the quality of the melt.  
 
In the following chapters, the work on the reduced pressure test covered in the scope of this 
study will demonstrate the stages of quantification of metal quality. The evaluation and 
development of the quality index, which was established through an extended study in 
laboratory together with various conditions tested in a secondary remelter, will be exhibited. 
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CHAPTER 3 
EXPERIMENTAL PROCEDURE 
 
3.1 Alloys 
 
In this study, a number of commercially available British Standard LM series Al-Si based 
alloys were used. Their compositions are given in Table 3.1. These alloys feature good 
castability, reasonable strength, reasonable fatigue performance and corrosion resistance, and 
are widely used for automotive products. 
 
3.2 Reduced Pressure Test (RPT) 
 
A schematic drawing of the RPT machine is shown in Figure 3.1.  Basically, the equipment 
consists of a vacuum chamber and a rotary pump.  The vacuum can be adjusted by a regulator. 
A digital display shows the elapsed time under vacuum. The principle was given in detail in 
Section 2.8.2. 
 
In each experiment, three sets of tests were carried out. Two samples were poured into sand 
moulds; the first sample solidified in air under atmospheric pressure, the second solidified 
under a vacuum. The third sample was used for determining the hydrogen level of the melt 
with a Severn Science HYSCAN machine.   
 
Two subsequent experiments were implemented. Once the reduced pressure test had been 
established in the laboratory, the test machines were transported to a commercial secondary 
remelter to sample larger melts of a wide range of different alloys. Sampling was carried out 
both before and after metal treatments such as fluxing, degassing, transfer of melt and at the 
casting stage.  
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3.2.1 Laboratory tests 
 
Initially, a series of preliminary tests was done to determine the optimum test conditions. 
LM4 ingots weighing about 6-7 kg that were obtained from same batch of melt, were melted 
using standardised conditions in an induction furnace (2250 Hz, 15 kW, 500 V, open air, clay-
graphite crucible, melted within 10-15 minutes). Samples for RPT were taken from the melt 
by a 100 g ladle (that was coated with BN and pre-heated above the melt for a few minutes), 
at melt temperatures of 700oC, 800oC and 900oC. The samples were solidified at different 
levels of pressure from 1 atmosphere down to low vacuum pressures (1000, 200, 100, 50, 10 
mbar absolute pressure). The test matrix is given in Table 3.2. The purpose of this test was to 
examine the effect of temperature and pressure on the density of samples, thus providing an 
assessment of susceptibility to pore formation.  
 
In the second test, a simple experiment was carried out with 99% Al (LM0) to see the effects 
of bifilms. A clean melt (melted in a 200 kg capacity resistance furnace) was carefully 
prepared by carrying out 3 fluxing and degassing operations using a rotary flux/degasser. 
After that, RPT samples were taken at 750oC, using great care to avoid as far as possible any 
introduction of surface oxide. Subsequently the melt was stirred, mixed, and poured from a 
height of approximately 1 m to ensure that bifilms were introduced, and then RPT samples 
were taken again. 
 
3.2.2 Industrial tests 
 
The steps of a typical secondary remelting process are shown schematically in Figure 3.2. The 
material was melted in an electric furnace (750oC). Fluxing and degassing (via a 25 mm bore 
steel tube which was plunged into the melt as seen in Figure 3.2) was carried out to remove 
inclusions, oxides and dissolved gases. Prior to casting, the melt was transferred to a holding 
furnace. From here, the melt was carried by launders (approximately 1 m long in L-shape and 
not preheated) to the casting area where ingots weighing 6-7 kg (dimensions of 50 x 60 x 550 
mm) were poured. 
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In this particular secondary smelting operation, there were two 2500 kg electric induction 
melting furnaces, one 5000 kg rotary melting furnace (gas fired) and one 5000 kg capacity 
rotary-tilt furnace (also gas fired) (Figures 2.22-2.24).  
 
In the electric furnaces the melt was treated by adding fluxing salts onto the surface of the 
melt, and then lancing with nitrogen gas. After treatment, the dross that had accumulated on 
the surface was skimmed off. In the rotary and rotary-tilt furnaces, the fluxing treatment was 
automatically accomplished by the rotating action of the furnace (Figure 2.22, 2.23) because 
melt and flux were in constant contact in the rotating furnace. Therefore the recovery rate (i.e. 
the metallic yield) of these types of furnaces is higher compared to induction furnaces. Also, 
of course, as noted earlier, the constant rotating of the preheated roof under the melt provides 
for efficient heat transfer. 
 
During all these operations (fluxing, degassing, transferring), the surface oxide film breaks, 
re-oxidises and is submerged, introducing bifilms into the melt. For this reason the quality of 
the melt was assessed at each step of the process (after melting, following fluxing and 
degassing, and after the melt is transferred to holding furnace, prior to casting). RPT samples 
were taken to investigate the metal quality and to define the potential for defect formation at 
each stage.  
 
One of the initial studies was carried out in the electric furnaces with alloy LM27. During 
fluxing and degassing via the tubular steel lances two different gas flow rates were compared:  
 
(i) A conventional rate (about 20 l/min) with the gas tap from the nitrogen cylinder fully 
open. This rate caused severe disturbance to the surface of the melt (Figure 3.3). In 
addition, the so-called inert gas used to carry out the degassing operation can never be 
truly inert, so that its content of oxygen and water vapour further contribute to the 
generation of oxides. 
 
(ii) A rate of approximately 2 l/min, resulting in the surface of the melt being hardly 
disturbed. In this second study, a T-type and a disc-type ceramic diffuser (Figure 2.26) 
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were used to investigate the efficiency of fluxing and degassing compared to the lance 
system with LM4.   
 
A third study involving degassing was performed in the holding furnace with alloy LM24. 
This time, two diffusers were sited at the bottom of the holding furnace. The position of the 
diffusers and the dimension of holding furnace are given in Figure 3.4. Three conditions were 
tested; both off, one on and one off, and both on. In the second part of this same study, three 
changes were made in the casting area. These are summarised in Figure 3.5. The rate of the 
removal of the stopper at the tap hole (at the exit of holding furnace) was controlled slowly 
such that the turbulence at the launder was minimised (Figure 3.5b ‘1’). This helped the liquid 
to flow slowly in the launder, in turn the filling of the liquid in the mould was controlled 
quiescently (Figure 3.5a ‘2’). Finally, the launder was lowered close to the casting mould 
(Figure 3.5a ‘3’). This also helped the mould to be filled quiescently. 
 
The next study was carried out in the casting area. Alloy LM24 was used to determine the 
effect of two different casting devices designed to transfer the melt from the launder into the 
ingot moulds. The details of these devices are confidential and cannot be described in details 
here, although the principal differences can be clearly stated. The first device involved a free 
fall from the launder of approximately 250 mm giving turbulent filling of the ingot mould. In 
this account ingots resulting from this technique will be referred as ‘Top Poured’. The second 
device filled the mould from approximately 10 mm height without disturbing the surface, 
yielding ingots referred to as ‘Bottom Filled’.   
 
In the studies of material from the rotary furnace, because of the difficulty of sampling from 
inside the furnace itself, samples were only taken (i) after the melt had been transferred into 
the (stationary) holding furnace, (ii) from the launder from the holding furnace, and (iii) from 
the cast ingots. 
 
3.3 Hydrogen Measurement 
 
The Severn Science Hyscan Hydrogen monitor was the main instrument used for the work. It 
measures hydrogen in molten aluminium using a reduced pressure technique. A constant mass 
 38 
of the melt (100g) is placed in a chamber and the pressure reduced rapidly to a predetermined 
value (10 mbar) by a vacuum pump. The chamber and associated vacuum system are then 
isolated from the pump and the sample allowed to solidify. As the melt cools, hydrogen is 
released and its partial pressure is measured by a gauge whose output is converted 
continuously to a digital display of hydrogen content. The measurement accuracy of the 
hydrogen analyser is claimed to be approximately 0.01 cc/100g (0.1 mL/kg Al) and 
measurement time is less than 5 minutes per sample. The equipment was in calibration and a 
service is carried out regularly.  
 
3.4 Moulds 
 
For the RPT, sand moulds were used in order to produce a cast metal sample of 50 x 35 x 15 
mm dimensions (Figure 3.6). Sand moulds were satisfactorily transparent to X-rays, and 
could easily produce a parallel-sided specimen that was convenient for radiography.  
 
First, different binder contents and types were examined to determine their effect on samples. 
Resin bonded sand moulds were prepared using 60 AFS silica sand and a binder Ashland 
Chemical 5112 (50%) and 5230 (50%) precatalyzed Pepset™ resin. Total binder addition 
levels were 1.2 wt%, 2.4 wt%, 4.8 wt% and 9.6 wt%.  
 
Preparation of the moulds was as follows: the sand and the binder were mixed for 2 minutes.  
Then, the mixture was packed in the core box.  After approximately 15 minutes of curing the 
moulds were stripped from the box (Figure 3.7).   
 
There was one issue in the use of resin bonded moulds: smoke and gas were evolved because 
of the binder’s organic content. This threatened the contamination of the oil in the vacuum 
system. Therefore another commonly used inorganic binder, NaSiO3, was examined. 
However, the lack of strength was a major disadvantage leading to breakdown of the moulds 
during casting. The bond between the filler grains consisted of silica gel.  Under the action of 
gas pressure (that was used to cure the mould), some of the water was driven off causing the 
gel to shrink and cracks to develop. Preheating of the moulds after preparation further dried 
the bonds, so that the strength fell considerably below the original green strength. As a result 
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of this poor strength, adhering sand particles were observed on the surface of each sample 
(Figure 3.8a). Interestingly, it was found that addition of 2 wt% coal dust not only increased 
the strength of the mould but also resulted in a better surface finish with better shake-out 
properties. Because, in general, liquid metals poorly wet carbon, its deposition on the grains 
of sand forming the surface of mould produced an improved surface finish (Figure 3.8b). 
 
Compared to the resin binder system, no gas or smoke was observed after pouring the melt 
into the silicate bonded moulds (despite their content of coal dust). It was a clean, safe process 
with no major environmental problems. As a result, advantages like its low cost and very 
short preparation time with no toxicity made the sodium silicate/CO2 system an attractive 
method for moulding and it was therefore used for the rest of the tests carried out in the 
university laboratory. 
 
3.5  Density Measurement 
  
Principally, pore formation is enhanced by the applied vacuum in the RPT, therefore the melt 
quality may be related to the density of the RPT sample.  For that reason, to be able to 
examine the effects of the test pressure on the amount of the porosity, the density of each 
sample was calculated according to Archimedes Principle (by weighing in air and in water): 
  
  
waterwaterair
air
dmm
md )( −=   (3.1) 
  
 
d: density of sample,  
mair: weight in air,  
mwater: weight in water,  
dwater: density of water. 
 
The weighing was done on a single pan electronic balance with 0.0001g sensitivity. A wetting 
agent was added to water for complete wetting of the sample and for ensuring a constant 
wetting angle on the support wire. The first reading was immediately recorded before 
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significant penetration of the water into internal cavities occurred, artificially increasing the 
apparent weight of the sample.   
 
The corresponding density index was then also determined: 
 
  
100
air
vacuumair
index d
ddd −=
                                    (3.2) 
 
dair: density of the sample solidified under atmospheric pressure 
dvacuum: density of the sample solidified under vacuum (RPT) 
 
3.6  Image Analysis 
 
An X-ray radiographic study was made on each sample at approximately 300 µm resolution. 
After porosity observation, samples were sectioned (cut by a saw longitudinally into halves) 
and ground with 120, 400, 800 and 1200 grade papers. Images taken from the surfaces 
prepared in this way were digitized by a flatbed scanner with a resolution of 1200 pixels per 
inch (pixel spacing approximately 20 µm). Images were subjected to Image Analysis to 
calculate the area, length and shape factor of each pore. To test the accuracy of image analysis 
results, three different software packages were compared; Sigma Plot Scan Pro 5 (SPSS Inc.), 
Clemex (Clemex Technologies Inc.) and MCID (Interfocus Ltd.). The University of 
Birmingham had an agreement with SPSS Company so Sigma Plot was used for all the rest of 
the analysis carried out. 
The term “pore %” used in figures represents the ratio of area of pores over the total area 
viewed on the sectioned surface of the RPT samples which is formulated as: 
 
100
   
   %
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                                                                (3.3) 
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Shape factor is an additional dimensionless quantity that was measured, and defined as 
 
  2)(
)(4
Perimeter
AreaSF pi=
                                                                              (3.4) 
 
where a perfect circle will have a shape factor of 1. A shape factor of a line will approach 
zero.  
 
3.7 Tensile Test 
 
Ingots were sampled from the beginning, middle and end of production runs in the secondary 
remelting casting operation. As was described before, various production conditions were 
subjected to study. In particular, it was of interest to evaluate how the mechanical properties 
of the cast alloy changed throughout the pour, and as a result of changes in production 
conditions.  
 
Unfortunately, it was not easy to check directly the tensile properties of the ingots. This 
would have involved much machining of soft, unheat-treated material, of poor grain size and 
porosity. Thus a remelting and re-casting procedure into more convenient conventional test 
bar forms was felt to be essential. Thus a check was carried out to ensure that the remelting 
and re-casting procedure used to ascertain the properties of the melts would in fact be 
adequately representative of the original ingot material.  
 
The sample ingots were remelted in a clay-graphite crucible in an induction furnace in the 
University laboratory. No treatment of any kind was carried out; the melting was conducted 
with minimal disturbance to the metal. An RPT sample was taken from each melt to test the 
melt quality by measuring the bifilm content. Subsequently, test bar moulds (Figure 3.9-3.10) 
were poured. The procedure consisted of two sand moulds that were poured at 750oC from 
each remelted ingot, producing two castings each weighing approximately 2 kg and each 
producing 10 bars, giving a total of 20 test bars per sample ingot. The optimised design of the 
pattern of the test bar mould is shown in Figure 3.9.  
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Following the casting, tensile samples were machined using a CNC (Computer Numerical 
Control) to ASTM E 8-00 dimensions (Figure 3.10). 
 
Naturally, it was essential that the cast test bars represented the quality of the sample ingots. It 
was important therefore to produce bars in which few defects were introduced during filling. 
Therefore the design of the tensile test pattern was first investigated to check that it filled 
without unnecessary turbulence, since it is known that turbulence could introduce unwanted 
defects that would confuse the results. The X-ray studies and schematic illustration of earlier 
trials for pattern design are given in Figure 3.11 and 3.12.   As seen from the figures, the 
metal was unconstrained and so able to splash freely, without control, along straight runners 
of large area. A filter was placed under the sprue to slow the metal down. However, it 
generated bubbles even though the melt was slowed down. Thus it was highly likely that this 
design would have introduced defects into the cast test bars, so that the design was considered 
unsuitable. After some trials, a final revised design, constraining the flow within narrow 
runners, and provided with two right angle steps, was optimised in a video X-ray radiographic 
study which was given in Figure 3.9. It yielded a flow of apparently excellent integrity that 
proceeded steadily and without air entrainment. 
   
LM2, LM6, LM24 and LM27 are alloys that are not normally heat treated, being used in the 
as-cast condition. Only LM4 and LM25 were heat treated before tensile testing. These 
samples were first heated to 520oC for 6 to 12 hours and water quenched into water at 60°C.  
Samples were then artificially aged at 170°C for 16 hours. 
 
The tensile machine used was a Zwick 1484. Samples were loaded in the same orientation for 
each test. The accuracy of the load cell was 0.1 N. The crosshead speed was 1 mm/minute. 
Data from the load cell and extensometer were digitally recorded at 1 data point every 0.005 
mm.  The extensometer gauge length used was 25 mm. 
 
3.7.1 Weibull Analysis 
 
A Weibull analysis [230] was carried out from the set of tensile test results. The values were 
plotted as ln-ln plot of failure probability versus log property. The resulting slope of the graph 
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is termed “The Weibull Modulus”, m. This is a measure of the variability of the property 
being measured.   The probability of failure, F, as a function of stress, S, is given by: 
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So is called the characteristic strength (i.e. the stress level at which approximately 63% of the 
specimens have failed) and m (the Weibull Modulus) is a constant that characterises the 
spread of the failure data with respect to the S axis. A high Weibull modulus is desirable since 
it indicates an increased homogeneity and less spread in the flaw population and a more 
predictable failure behaviour. Linear regression is used to determine the model parameters, 
where m is now simply the slope of the graph: 
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3.8 Microscopy and Microanalysis 
 
Electron microscope studies on both the fracture surfaces of tensile test bars and inside the 
pores of sectioned reduced pressure test samples were carried out with a Phillips XL30 
scanning electron microscope (SEM). The X-ray detector is part of an Oxford Link ISIS EDS 
(Energy Dispersive Spectrometer) system consisting principally of the liquid-nitrogen-cooled 
detector crystal mounted in the SEM column which was used for the quantitative X-ray 
analysis of the local composition of the alloy. 
 
3.9 Quality Index Studies 
 
A series of studies were carried out in an exploratory study to find a parameter that would, for 
the first time, characterise the quality of a melt in a quantitative manner. Initially the shape 
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factor (Equation 3.4) obtained from image analysis results was used in an effort to make the 
test quantitative (QI1). 
  
In second study a second parameter (QI2) was chosen where the average length of pores and 
the number of pores were taken in account: 
 
 
of pores)).(number ore length(average p
ape factoraverage shQI =2     (3.7) 
 
In a third study, the number of bifilms was thought to characterise the quality. So, another 
quality index (QI3) was proposed involving simply the number of pores: 
 
)log(3 pores of numberQI =    (3.8) 
 
Finally, a bifilm index (QI4 = BI) was proposed: 
 
QI4 = ∑= )( length poreIndex Bifilm    (3.9) 
 
This was an index that was easily calculated, and that gave a numerical result in millimetres. 
It was expected that the resulting number might be a good measure of metal quality that 
would be sufficiently easy to use to be adopted for use on the foundry floor. 
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CHAPTER 4 
RESULTS 
 
4.1 Laboratory Tests 
 
4.1.1 Effect of binder type and content on RPT 
 
The experiments with the reduced pressure test originally began with a study of the effect of 
the binder content on the RPT density and hydrogen content to ensure that no unwanted 
interference was occurring. The early concern in the use of a chemically bonded sand mould 
was that as the binder content increased the permeability of the mould would decrease and in 
turn bubbles would be trapped in the sample and thereby reduce the density of the RPT 
samples. Also, once the hot metal is poured into the mould, the products of the decomposition 
of binders might have led to an increased gas with the mould/metal reaction.  
 
An investigation was carried out with LM4 alloy. As seen from Figure 4.1, different binder 
contents (1.2, 2.4, 4.8 wt% resin and 4 wt% silicate) had no clear effect on the density of the 
reduced pressure test samples at 100 mbar. The density index (Equation 3.2) change with 
different resin contents also showed a similar result (Figure 4.2). The interesting finding was 
the increased scatter in the density results as the residual pressure was lowered from 1000 
mbar to 10 mbar (Figure 4.3-4.4). This can also be seen from the comparison in Figure 4.5. 
The range of density index under normal atmospheric pressure (1000 mbar) is only 
approximately 0.5 to 1.5% whereas at 100 mbar it is approximately 1.5% to 7% and at 10 
mbar approximately 1.5% to 20%. 
 
As seen from the sectioned surface of the RPT samples in Figure 4.6, the pore morphologies 
and sizes for the same pressures were substantially similar despite differences in binder 
content. It was concluded that there was a negligible effect of the sand binder on the RPT 
results. Therefore, because of its simplicity in making and quicker time of curing, 4% sodium 
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silicate binder (with 2% coal dust addition) was used in experiments that were carried out in 
the laboratory for all the remaining tests.  
 
4.1.2 RPT optimisation of temperatures and pressures 
 
As shown in Appendix I, there is an almost linear relationship between the density of the 
reduced pressure test sample and the gas content of the melt. This relation assumes that no 
hydrogen is retained in solid solution, and that all the hydrogen that was originally present in 
the liquid forms pores. If the gas in the pores is at a pressure equal to the chamber pressure, 
then close-linear relationships between hydrogen and density at different chamber pressures 
can be obtained. These theoretical predictions are shown in Figure 4.7.  
 
A series of RPT tests was then carried with LM4 at different temperatures (700oC, 800oC, 
900oC) and vacuum levels (10, 50, 100, 200, 1000 mbar). The comparisons of the theoretical 
relationship and the density of the samples are shown in Figure 4.8 (a-e). The first observation 
in these results was that the density of the samples did not closely follow the theoretical lines. 
Again, there was a wide scatter that increased with the increased vacuum. 
 
The sectioned surfaces of one example of each of the series of RPT experiments are shown in 
Figure 4.9. It is interesting to note that there is no particular pore size or shape that depends 
upon any of the variables such as hydrogen level, temperature nor pressure.  
 
At 10 mbar, it was observed that some pores burst from the top of the samples. A schematic 
drawing of this action is shown in Figure 4.10. The sectioned surfaces of some samples are 
shown in Figure 4.11. Following the action of bursting, the interior of the pore came in 
contact with the air, so further oxidation took place. This appears to be the reason that some of 
the pores on the top of the samples looked shiny. 
 
Figure 4.12 a to l shows SEM images from inside the pores of RPT samples. Numerous types 
of pores were investigated: crack-like, round, interdendritic. The important observation in 
these pictures is the existence of oxide films in every pore. These rough and thick oxides were 
confirmed by EDS analysis given in Figure 4.13.  
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4.1.3 The assessment of effect of bifilms on RPT 
 
A 200 kg charge of LM0 was melted in a resistance furnace at 750oC. After a careful cleaning 
treatment (fluxing and degassing for three times with a rotary degasser), the reduced pressure 
test samples were taken from the melt. These data are shown as filled points in Figure 4.14. 
Then, after deliberately introducing bifilms (which possibly increased hydrogen content of the 
melt with air entrapment and breaking of the surface film), samples were taken again which 
are shown as open points in Figure 4.14. It is interesting to note that the density of the 
samples fell when action to introduce bifilms was introduced.  
 
In Figure 4.15, same results can be seen from the sectioned surfaces of the reduced pressure 
test samples. There was no pore formation in the clean melt - in the absence of bifilms - (top 
row). The pores formed only when the bifilms were deliberately introduced (bottom row).  
 
SEM pictures from inside the pores of pure aluminium samples are shown in Figure 4.16. 
There are thin and newly formed oxides, together with original bifilms of thick oxides that 
were folded into the melt. The films were confirmed as oxides by EDS analysis. 
 
4.2 Industrial Trials 
 
This section of the study involves the experiments carried out at the secondary smelting 
company.  
 
4.2.1 Fluxing and Degassing Studies 
 
A study was carried out at the melting stage in one of the electric furnaces. Two different gas 
flow rates were investigated during fluxing and degassing of alloy LM27. In the lance 
degassing stage, a high gas flow rate was first used to replicate normal production conditions. 
A second experiment was carried out at a lower gas flow rate, so that the surface of the melt 
was hardly disturbed. The RPT result of the comparison between high and low flow rates is 
shown in Figure 4.17. As seen from the figure, after melting prior to any treatment, the 
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density of the RPT samples and hydrogen is scattered. With the high flow rate, the density is 
increased but hydrogen remains high. On the contrary, with low flow rate, when surface of the 
liquid metal was not disturbed, the hydrogen levels were lowered but the density values were 
scattered. 
 
In a second study with LM4, two different types of ceramic diffuser were used. The aim of 
this experiment was to see the effect of distribution of bubbles generated by ceramic diffusers 
and their effects on the metal cleanliness. Although the bubble distribution was seen to be 
very different (Figure 4.19 and 2.26), as seen from Figure 4.18, there was no clear 
dissimilarity between the effectiveness of T-type and disc-type diffusers. However the 
average density values for RPT results from the use of the lance, T-type and Disc-type 
diffusers were in an ascending order; 2275 kg/m3, 2323 kg/m3 and 2462 kg/m3 respectively.  
 
4.2.2. Studies at the Casting Area: Two different Casting heights 
  
As was described in Section 3.2.2, in the casting area during mould filling, two different 
casting heights were examined. The density-hydrogen relationship (LM24) when ingots were 
filled from different heights is shown in Figure 4.20. Two melts with same chemical 
composition were used for each casting trials (top poured and bottom filled). As seen from the 
graphs, although the average hydrogen content of the top pouring system had lower hydrogen 
content compare to bottom filled castings, they gave lower density results. It is important to 
note that this showed that it was bifilms (turbulent filling) that decreased quality not the gas 
content. This can be seen in density histogram diagrams in Figure 4.21 a-b.  
 
Actually the difference was observed more clearly on the sectioned surface of the reduced 
pressure test samples (Figure 4.22). In the bottom filled system, the pores appeared round and 
small. With the turbulent filling in the top poured system, the pores were larger and their 
shapes were more complex. The SEM results (Figure 4.23) showed that the pores in bottom 
filled system also contained some oxides whereas the oxides in the top poured system were 
crumpled and bigger.  
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Similar results were found when the test was carried out with LM25. As seen from Figure 
4.24, the reduced pressure test samples of the bottom filled system are clearly separated from 
top poured samples with higher density values. The density histogram diagram illustrates this 
more clearly in Figure 4.25. The pore morphology change of the RPT samples can also be 
seen in Figure 4.26.  
 
4.2.3. Studies in Holding Furnace: Trials on use of Diffusers 
 
In the secondary remelting process, following the fluxing and degassing, the melt was 
transferred into the holding furnace. The RPT samples gathered from the holding furnace are 
given in Figure 4.17 and are seen to be clustered in Region IV. The sample collection was 
carried out after 30 min to 1 hour holding time. An increase in the density of RPT samples 
was observed during this time period. However, there were still some concerns about the 
introduction of bifilms during transfer of the melt from melting furnace to the holding 
furnace, mainly due to the heavy turbulence and high fall of the liquid on the transfer between 
these vessels. Therefore an investigation was carried out in the holding furnace by installing 
two diffusers at the bottom of the furnace. The dimensions of the holding furnace and the 
position of the diffusers were given in Figure 3.4.  
 
The studied alloy was LM24.  Three ingots were taken: one from the start, one from middle 
and one from the end of the casting process. Different numbers of diffusers were run: 0, 1 and 
2. These collected ingots were then melted and heated to 750oC in an induction furnace in the 
University Laboratory. The RPT samples were taken and the results given in Figure 4.27-
4.28.  
 
When no diffuser was used, the densities of the reduced pressure test samples fell towards the 
end the casting process (Figure 4.27a).  Once the diffusers were active, the density stayed 
high between 2700-2550 kg/m3 and the results were less scattered (Figure 4.27b, c). This 
more uniform high quality with the use of diffusers is illustrated clearly in Figure 4.28.  
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In the second study of the action of the diffusers, three additional major aspects in the casting 
technique were changed and investigated. These were summarised in the schematic drawings 
shown in Figure 3.5.  
 
The first change was the height of the launder that delivered the melt to the casting area. The 
launder was lowered to its maximum extent, so that the fall of the liquid metal would be 
minimised (Figure 3.5a ‘1’). The second was carried out at the casting device that filled the 
mould from the bottom. The internal geometry of the device was clearly not altogether 
satisfactory, involving some degree of turbulent fall. Therefore the design was altered slightly 
and casting was slowed down to the degree that eliminated the worst aspects of the turbulent 
flow in the device such that the melt was filled from the bottom of the ingot slowly with much 
reduced disturbance (Figure 3.5a ‘2’). The third change was made in the tapping procedure of 
the holding furnace (Figure 3.5b ‘3’). When not controlled carefully, the liquid metal jets out 
from the tap-hole with the result that the melt is violently and turbulently propelled along the 
launder, clearly creating new bifilms and dross.  
 
The results were notably different to those of the original production conditions. There was a 
clear increase in the quality of the castings when these changes were made. The density 
increases in the reduced pressure test samples when no diffuser is used are given in Figure 
4.29a. In these figures, the term “SET 1” indicates the set of results from the previous design 
(non-quiescent conditions), and the term “SET 2” indicates the new results after the changes 
have been made as described in the previous paragraph (relatively quiescent conditions). 
When no diffusers were used (Figure 4.29a), the increase in the density was approximately 
+100 kg/m3 for each section of the casting; from 2620 kg/m3 to 2704 kg/m3 at the start, 2538 
kg/m3 to 2673 kg/m3 at the mid, 2454 kg/m3 to 2617 kg/m3 at the end. The average increase in 
the density when diffusers were on (Figure 4.29 b, c) was about half of this value, 
approximately +50 kg/m3. It is important to note the overlapping scattered data for Set 1 and 
Set 2 when diffusers were active (Figure 4.29 b, c). 
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4.3 Quality Index Results and Evaluation of Bifilm Index 
 
The ultimate goal of the quantification of the RPT is to define an index or a number so that an 
action could be taken in order to produce a high quality casting.  From this perspective, 
several studies were made and several quality indices were investigated.  
 
In the RPT, by the solidification under vacuum, the pore formation is magnified, allowing 
bifilms to become detectable by X-ray radiography and so suggesting a potential direct 
technique for the study of pore size, shape and distribution. Radiographic images of some 
RPT samples are given in Figure 4.30. As seen from the figures, the pores overlap and the 
resolution is not so clear. Despite the obvious interest of these images, it was hard to deliver 
any quantitative interpretation from these images. This approach was therefore abandoned. 
 
Therefore it was decided to section the samples vertically (Figure 4.31), split into two halves 
and then carry out studies by simple optical metallographic techniques. Quantitative image 
analysis was carried out on these polished surfaces. Before relying on the image analysis 
results, a series of studies was conducted with three different software and image analysis of 
various shapes were investigated which is shown in Appendix II.  
 
The image analysis results (shape factor, pore percent, pore area) taken from the studies with 
LM4 are shown in Figures 4.32-4.42. As seen from these Figures, there is no effect of 
hydrogen content on the shape factor. The values for each pressure (200, 100, 50 and 10 
mbar) lie between 0.4 and 0.6. Looking at the effect of temperature (Figure 4.36), it appeared 
that there is a slight decrease in the shape factor with increased temperature. It is interesting to 
note that the average pore area and pore volume percent increased with increased temperature 
(Figure 4.37-4.38). It is important to note that the pore area was calculated from the sectioned 
surface of the RPT samples. Nevertheless, the pore percent almost linearly decreased with the 
density of the RPT samples as seen in Figure 4.39 (disregarding the scatter possibly due to the 
two dimensional calculation of porosity which is a three dimensional volumetric element) but 
notice the scale of scatter when comparing the pore percent with hydrogen content in Figure 
4.40. Similar scatter was observed for relationships between average pore area and hydrogen 
(Figure 4.41) and average pore area with density (Figure 4.42). 
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After collation of the image analysis results, different quality indices were proposed (as was 
given in Section 3.9) and were tested to establish correlations between the observed 
differences in pore morphologies and estimated behaviour of bifilms. The results of these 
studies are given in the following section. 
 
4.3.1 Methods investigated to quantify RPT 
 
The first notable observation was the shape of the pores (Figure 4.9, 4.22, 4.26). Some were 
elongated and some were round. Therefore the first proposed quality index was the shape 
factor (QI1 -Equation 3.4). The change in the shape factor with the density of the RPT 
samples (alloy LM4) is given in Figure 4.43a. The results appeared to be uniform between 0.3 
and 0.6, therefore the distribution of shape factors was plotted (Figure 4.43b) and seen to be 
more frequent around 0.5. 
 
The second quality index (QI2 -Equation 3.7) included the average size and the number of the 
pores. The change of density with the second quality index appeared to give a better 
understanding of the variables (Figure 4.44). The relationship seemed to be logical in a sense 
that the quality was increasing with increased density. When comparing two different casting 
heights (Figure 4.45), the turbulent filling (top poured) had a lower quality index compared to 
the quiescent filling (bottom filled). The average values were 0.23 and 1.43 respectively. 
 
In the studies with the QI2 (Figure 4.45), a sudden increase was observed after density values 
over 2500 kg/m3. It was found that this increase was mainly due to the number of pores. 
Therefore in the third quality index studies only the number of pores on the sectioned surface 
of RPT samples was considered. The theoretical approach on the change of density with the 
QI3 (Equation 3.8) is demonstrated in Figure 4.46 and the results are given in 4.47.   
 
Finally, the total length of pores was proposed as a quantifying concept. This length was 
assumed to be the total length of bifilms measured on the sectioned surface of reduced 
pressure test samples and was measured by summing the maximum lengths of all the pores. 
This quantity was called the ‘bifilm index’. The results obtained from the experiments are 
summarised in the following two sections. 
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4.3.1.1 Laboratory test results 
 
The first bifilm index results were obtained from the initial tests where the effects of 
temperature and pressure on RPT samples were investigated with LM4. The relationship 
between density and bifilm index is given in Figure 4.48-4.49. As can be seen from the 
figures, as the density is increased bifilm index was decreased, however the scatter of the 
results was for all temperatures and pressures within approximately a factor of 2.  
 
From the same experiments, the relationship between bifilm index and hydrogen content of 
the melt was also plotted. These results are shown in Figures 4.50-4.51.  It is important to 
note that there is no similarly clear relationship between hydrogen content and the bifilm 
index. 
 
4.3.1.2 Industrial test results 
 
The bifilm index comparison of two different casting heights for LM24 is given in Figure 
4.52. As seen from these results, the average bifilm index of the bottom filled samples was 
below 100 mm: 44 mm for 100 mbar and 96 mm for 50 mbar (Figure 4.52 a-b). For top 
poured samples, the values are scattered between 50 mm and 250 mm with an average of 138 
mm for 100 mbar and 196 mm for 50 mbar. It is clear that there is about a two-fold difference 
in the quality of turbulent and non-turbulent filling systems. 
 
The comparison of the Weibull distributions of the bifilm index of top poured and bottom 
filled samples can be seen in Figure 4.53. Interestingly, the top poured castings exhibited a 
higher bifilm index, but also a higher Weibull modulus (Table 4.1) as a result of the castings 
being consistently bad. In contrast, bottom filled samples show lower bifilm index, but, 
paradoxically, with lower Weibull modulus as a result of the somewhat higher scatter. 
 
Similar results were found when two different casting heights are compared with LM25. The 
bifilm index of these tests is given in Figure 4.54. As seen from the figure, for the top poured 
samples, the density values are below 2400 kg/m3. The bifilm index is scattered between 10 to 
370 mm with an average of 148 mm. The density of RPT samples collected from bottom 
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filled castings are at relatively high levels between 2400 and 2600 kg/m3 and the bifilm index 
is between 1 and 100 mm with an average of 48 mm.  
 
The comparison of the Weibull distributions of the bifilm index values of top poured and 
bottom filled castings in alloy LM25 (Figure 4.55) displayed a reasonably similar character to 
LM24 studies (Figure 4.53). In this case, in line with expectations, top poured system had 
higher bifilm indices compared to bottom filled castings, but had similar Weibull modulus 
(Table 4.1). It is worth commenting that the Weibull slopes may not be reliable for relatively 
small populations of results such as those investigated here [231-232]. 
 
Bifilm indices were also calculated for studies where different number of diffusers were 
investigated in the holding furnace. The results are given in Figures 4.56-4.58. As was 
described previously, sample ingots were taken from the start, middle and end of castings 
when 0, 1 and 2 diffusers were run. Also, different casting conditions were tested (‘SET 1’ for 
non-quiescent and ‘SET 2’ for quiescent). 
 
When no diffuser was used, the data is spread all over the graphs, showing little correlation, 
with only a weak trend of increasing bifilm index with decreasing density. Further, the 
materials cast at the end of the casting run showed lower density and higher bifilm index. 
However, when diffusers are active, the data are compacted into lower right region of the 
graph which is the high quality region where the density of RPT samples is high and the 
bifilm index (total length of oxides) is low (Figure 4.56 a-c).  
 
Another representation of the results is summarised in Figure 4.57. At the start of the casting, 
the bifilm index lies between 100-150 mm. When no diffusers were operated the bifilm index 
rose toward 250 mm as the end of casting was approached. When diffusers were operational 
the bifilm index fell to around 100 mm during the course of a production run. It is important 
and interesting to note that there is no clear difference between the results when using one 
diffuser or two.  
 
The comparison of the bifilm index results where two different conditions are compared are 
given in Figure 4.58. The average bifilm length values for ‘SET 1’ conditions (which is the 
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fast and turbulent casting: non-quiescent) were 188 mm without diffusers and 100 mm with 
diffusers. In ‘SET 2’ conditions (the quiescent conditions) these rather high results fell to 39 
mm without, and 35 mm with diffusers (Figure 4.58).  
 
It is interesting to note that when the casting is carried out quiescently (achieved simply by 
implementing simultaneously all the three changes investigated in this study), the average 
bifilm index values of quiescent conditions (SET 2) was below 50 mm even when no 
diffusers were used in the holding furnace (Figure 4.58).  
 
Weibull distributions of the bifilm index of two different conditions (non-quiescent and 
quiescent) are given in Figure 4.59.  Here, the reciprocal of the bifilm index was used, 
because it is common to be seen in Weibull plots that the properties are increased towards the 
right hand of the X-axis, hence the increase in bifilm index is a decrease in quality. As seen 
from the Figure 4.59a, the non-quiescent casting condition displayed higher Weibull modulus 
with higher bifilm index (Table 4.1). Similar to the findings in LM24 (Figure 4.53), the 
castings in quiescent condition (Figure 4.59b) had lower bifilm index (indicating higher 
quality) but scattered with a low Weibull modulus. 
 
4.3.2. Relationship between Bifilm Index and Number of Pores 
 
As was seen in the studies with different quality indices, the number of pores was a dominant 
factor in some cases. It is also important not to overlook this parameter because the new 
approach proposed in this study takes as a fundamental assumption that bifilms are the 
initiators of pores. If this is true, therefore, the number of the pores has to directly correspond 
with the number of bifilms. For this purpose, a graph was plotted between bifilm index and 
number of pores which is given in Figure 4.60. It appeared from the graph that there was a 
linear relationship between the variables.  
 
A schematic illustration of four corners of this relationship is given in Figure 4.61. For 
simplicity the coordinates of this points will be taken as summarised in Table 4.2. The 
relationship between hydrogen content and the bifilm index is given in Figure 4.62. 
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4.4 Calculation of air gap between bifilm 
 
A graph between density of RPT samples and hydrogen content was plotted in Figure 4.8 
showing the calculated relation between these parameters. The data points below the 
theoretical line indicated an additional source of gas in the samples which is expected from air 
that entrained by the bifilms.  
 
Therefore an effort was made to calculate the quantity of air (Appendix III). A volume value 
was found from the density difference between the RPT sample and the theoretical density 
(for example: indicated by the arrow in Figure 1, Appendix III). This volume was the volume 
of porosity which formed at various temperatures and under various vacuum levels in the RPT 
(Figure 4.8). This volume was converted to the STP value. Then, the volume of hydrogen at 
STP (measured by Hyscan equipment) was extracted from this value giving the volume of air 
per RPT sample at STP. Average bifilm index values and total number of pores are known for 
each sample from image analysis results of the sectioned surfaces of RPT samples. From this 
data, the average volume of air can be calculated per pore. Given the average bifilm length for 
pore,  an average air gap can be calculated per bifilm (Appendix III) which is given in Figure 
4.63 for each temperatures tested in the experiments. As seen from Figure 4.63, despite rather 
large scatter and combinations of factor that may influence air gap, as the temperature 
increased, the average values of air gap between bifilms was decreased: 0.49 mm, 0.44 mm 
and 0.34 mm for 700oC, 800oC and 900oC respectively.  
 
4.5 Tensile Tests 
 
4.5.1 Optimisation of tensile test pattern 
 
The aim of the mechanical tests was to compare the tensile test results with the bifilm index of 
castings. Therefore different test bar patterns were investigated by real-time video X-Ray 
radiography with a view to optimising the design to achieve quiescent filling (Figures 3.11-
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3.12). The Weibull distributions of the mechanical test results that compare the different test 
bar patterns using LM27 ingots are shown in Figure 4.64.  
 
It was extremely inconvenient and costly to machine bars directly from the ingots. If the 
material could be remelted and cast into test bar cylinders that would be easily machined, the 
work could be expedited efficiently. Therefore, to confirm the validity of the final optimised 
test bar mould design, a check was carried out using alloy LM4 to assess whether oxides were 
gained or lost by remelting. An ingot was machined into test bars and another one was 
carefully remelted and cast into moulds. The comparison of the Weibull distributions of the 
properties of these tests is shown in Figure 4.65. 
 
4.5.2 Comparison of different conditions 
 
Following the mould optimisation studies, a comparison of mechanical properties between 
different casting heights and different Mg contents with the changing bifilm index was 
investigated.  
 
In the first test, LM2 was used. In these tests, the term “low Mg” indicates 0.02 wt%Mg and 
the term “high Mg” indicates 0.30 wt%Mg. Sectioned surfaces of RPT samples of different 
Mg content are shown in Figure 4.66. The Weibull analyses of the tensile test results are 
shown in Figure 4.67 to Figure 4.72.  
 
SEM studies on the fracture surface of the tensile test samples are given in Figure 4.73 a-h 
(for low Mg LM2) and Figure 4.74 a-h (for high Mg LM2).  Oxides can be seen in all the 
fracture surfaces. In some cases there were iron phases in plate-like form (possibly beta 
phase) in Figure 4.73 a, e and f and in Figure 4.74 a, c, d and e, all of which seemed to be 
associated with bifilms. 
 
In the studies with LM24, the casting sequence was examined by selecting sample ingots 
from the start, middle and end of pour from the 2.5 ton holding furnace. The results are given 
in Figure 4.75-4.76. The chemistry of the alloy was sampled over this period and found to be 
accurately unchanged. The analysis results are given in Table 4.3. However, initial strength 
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values were found to be low, but towards the end of the casting the proof strength increased 
by approximately 30 MPa. When the glass cloth filter was not used, the increase in strength 
was accompanied by a clear decrease in ductility (Table 4.4). 
 
The comparison of the parameters obtained from tensile test results (Bifilm index, UTS, proof 
stress, elongation and Weibull Modulus) are summarised in Table 4.4. 
 
An RPT sample was taken from castings of the tensile test bars to assess the metal quality by 
bifilm index. The bifilm index changes with the UTS and elongation obtained from Table 4.4 
are shown in Figure 4.77. From the same table, the change in Weibull modulus of UTS and 
elongation with bifilm index was shown in Figure 4.78. 
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CHAPTER 5 
DISCUSSION 
 
5.1 The RPT Mould Effect Study 
 
In the new test studied in this work, small chemically bonded sand moulds were used to 
produce parallel sided plate castings for radiographic examination. The purpose of using a 
porous sand mould instead of a steel mould is to ensure air cannot be trapped at the mould 
wall. It is believed that air entrapment and the subsequent passage of bubbles into the sample 
are partly responsible for the poor reliability of previously studied reduced pressure test 
techniques [136, 233-237]. 
 
For this purpose a preliminary test was carried to examine the effect of binder content. 
Although it was thought that as the binder content increased, the permeability of the mould 
would decrease so that the hydrogen release would decrease and bubbles would be entrapped, 
interestingly, no detectable effect of the binder content was found at 100 mbar (Figures 4.1-
4.2). As seen from the graphs (Figure 4.1-4.2), there was no significant change in the density 
nor pore size of samples cast in moulds having different binder contents. It is also interesting 
to note that there was relatively a uniform distribution of the pore sizes throughout the 
sectioned surface of the RPT samples; there was no obvious metal/mould reaction 
concentrated beneath the surface of the casting. Thus it seems safe to conclude that any 
reaction between the test mould and the metal must be negligible.  
 
5.2 Pore Formation and Growth 
 
To investigate the optimum test conditions and also to examine the variables in the reduced 
pressure test, different vacuum levels and different temperatures were inspected (Table 3.2). 
There were several important findings from these experiments. One of them was that at 10 
mbar bursting of pores from the surface was observed (Figure 4.11). This was also clearly 
observed from the dindex-pressure graphics (Figure 4.5). It is obvious that as the vacuum 
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increases, pore formation is enhanced dramatically (at about 1/100th of an atmosphere the 
volume increases by a factor of approximately 100). This indicated that the use of high 
vacuum levels would possibly lead to an underestimate of the gas or oxide content of the 
sample. 
 
It can be noted that bifilms are not visible in those samples solidified at 1 atmosphere pressure 
(at which Density Index=0.00 % of course), but films adopt their crack-like morphology for 
Density Index between 0.86 and 2.58 % (Figure 4.9). Above this range, the density index 
indicates that bifilms are opened to become nearly spherical pores.  
 
At 1000 mbar (1 atmosphere pressure), the RPT results shows no change in density (Figure 
4.8a). There are only minor changes which are believed to be related to the amount of 
shrinkage which is also influenced by bifilms. It is interesting to note that, except for one 
sample, all the data were above the theoretical line shown in Figure 4.8a. This suggested that 
hydrogen was not a dominant factor in pore formation. This also confirms the hypothesis of 
the structure and action of bifilms; although the pore is expected to grow larger with the help 
of hydrogen diffusing into the central gap, the bifilm is to some extent resistant to unfurling. 
This resistance is progressively overcome as the RPT pressure is reduced, expanding the 
residue of the entrained air, and what hydrogen may be present, between the films. 
 
For samples solidified at 200 mbar (Figure 4.8b, 4.41-4.42) the average area of each pore is 
below 0.1 mm2 and the density index is around 5%. It seems that the vacuum level – the 
driving force - is sufficient to magnify the pore (i.e. inflate bifilms) to a limited extent. 
However, the level of vacuum required for a practical and reliable quantification of RPT 
would require an even lower pressure between 200 mbar and 10 mbar. As we shall see, a 
value of 100 mbar corresponds to current industrial practice, and is confirmed in this work as 
being an appropriate and practical level.  
 
The more interesting result obtained from these preliminary tests is that the predicted linear 
relationships between hydrogen level of the melt (Figure 4.7) and the density of the reduced 
pressure test samples were not closely followed in any of the tests carried out at lower 
pressures as shown in Figure 4.8. As the vacuum level was increased, the observed behaviour 
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shifted more radically away from the predictions of the simple theory, indicating that typical 
porosity in castings does not follow closely the laws of free precipitation and expansion by 
classical gas laws. Clearly, the behaviour is complicated by the expansion of entrained air 
under vacuum (not previously suspected as a cause of porosity in Al alloy castings) and by the 
random mechanical problems of opening irregularly convoluted bifilms, potentially inhibiting 
pore growth.  
 
The Weibull distributions of bifilm index results (Figure 4.53, 4.55, 4.59) were in good 
agreement with this general picture.  The non-quiescent casting conditions were consistently 
bad with Weibull moduli closely grouped at 3.1, 2.5 and 2.6 (Figure 4.59) and the average 
bifilm indices were high at 188 mm, 110 mm and 102 mm for 0, 1 and 2 diffusers 
respectively. Furthermore, when quiescent conditions were achieved, the bifilm index 
dropped down to 50, 35 and 34 mm indicating that the quality was increased. However, the 
Weibull modulus values appeared to fall somewhat to 0.5, 1.1 and 1.7. However, this fall in 
slope is merely a result of some data improving in quality (some higher data points are 
grouped further to the right on the graph), thus the result is logical, if rather counter-intuitive 
at first sight. Similar results can be seen in studies with different casting heights. In Figure 
4.53, in the comparison of the Weibull distribution of bifilm index of top poured and bottom 
filled castings, the top poured system has high bifilm index values and high modulus 
compared to bottom filled castings. This implies that the top filled castings are bad, and 
uniformly so.  
 
In earlier investigations with RPT, several workers [136, 233-236, 238-240] have attempted 
to quantify the reduced pressure test with the principle that involved measuring the density of 
the sample. From that, the volume of the pore in the sample was calculated. Since hydrogen is 
the only soluble gas, it was assumed that these pores were filled with hydrogen gas. Therefore 
the volume of hydrogen would be equal to the pore volume of that sample.  
 
A theoretical relation between hydrogen and density was taken in account (Figure 4.7 and 
Appendix I) and it was assumed that as long as the density was high the quality was said to be 
high too (Figure 5.1). The density was only related to the hydrogen content of the melt. 
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However, the scatter of results observed between the hydrogen level of the melt and the 
density of the reduced pressure test (Figure 4.8) would be expected from the presence of 
bifilms. This was one of the first indications that the approach of simply measuring the 
density would be misleading. Although LaOrchan et al [240] observed similar scatter (Figure 
5.2), they tried to obtain a linear relationship from the data, simply because in theory they 
believed there had to be such a relation. However, they disregarded the fact that the density 
values were not affected purely by hydrogen and the problem of effect of metal cleanliness on 
the density of the samples was never argued.  
 
As seen from the hundreds of results at different vacuum levels (Figure 4.8), the theoretical 
line divides the graph into two regions, the upper and the lower parts: 
 
 samples on the theoretical line:  
 
If no hydrogen is retained in solid solution in the alloy, all the hydrogen that was originally 
present in the liquid forms pores in the solid and none is pumped out of the system during the 
test and gas forms at a pressure equal to the chamber pressure, then the data should follow the 
theoretical lines. 
 
 samples above the theoretical line:  
 
It is well known [127, 134, 170, 195] that there is a threshold hydrogen level below which no 
pore formation is observed. There is also a solid solubility limit that depends on both the 
cooling rate and the alloying elements. It can be concluded that hydrogen makes a 
comparatively small contribution to the nucleation of the bubble, because it concentrates 
relatively little ahead of the advancing freezing front due to its high solubility in both the 
liquid and the solid, combined with its high diffusivity [5]. If in addition the gas has no 
favourable substrate on which to form, it is forced finally into supersaturation in the solid. 
This effect can be seen in this work. Most figures (Figure 4.8 and 4.14) show a cut-off in 
results at approximately 1.0 mL/kg Al. Therefore, the experimental results that are above this 
theoretical line, representing higher densities, are reasonable and explainable. 
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 samples below the theoretical line:  
 
The lower part of the graph is not easily explained assuming the effect of hydrogen alone. It 
follows that the data below the line necessarily results from another source of gas. Since the 
test is simply solidification under vacuum, there can be negligible contribution from any other 
source of hydrogen, but a contribution of air is to be expected from that entrained in the 
original formation of the bifilms.  
 
In most of the reported investigations summarised in Table 2.1, the initial cause of porosity 
formation is assumed to be the limitations to feeding. The precipitation of hydrogen from 
solution is included in the term as an additional force acting to enhance pore formation. So, as 
long as the pressure inside the pore was equal or greater to the sum of pressures; 
 
Pg > PH - PS   (5.1) 
 
pore growth would be achieved where Pg is pressure in the pore, PH is pressure due to 
hydrogen and PS is pressure due to shrinkage. Looking at these assumptions, it seems most 
likely that if shrinkage is eliminated, then the only factor remaining is hydrogen which is 
incapable of forming pores homogeneously. In fact, as will become increasingly clear, the 
formation of a pore almost certainly does not include a nucleation process; bifilms serve as 
sites into which hydrogen in solution in the melt diffuses and forms molecular hydrogen, 
thereby contributing to the porosity. Then the shrinkage – if such is present – pulls it from 
outside to help the pore to grow. Consequently pore formation is a growth phenomenon 
because the initial pore pre-exists as the entrained air in the bifilm. 
 
A number of earlier workers have assumed that surface tension would be important in pore 
formation, and have therefore attempted to investigate this [132, 168]. As seen from Equation 
2.7, surface tension is in direct relationship with the pressure of inside the pore, assuming the 
pore to be a bubble, with, of course, a spherical liquid surface. However it was found that the 
surface tension had no significant effect on the porosity that was formed.  This is perhaps 
hardly surprising because (i) the variations of surface tension are in fact practically negligible, 
varying only between 0.825 N/m (for Pure Al), 0.790 N/m (Al-7Si), 0.685 N/m (Al-10Si) 
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[132]. More fundamentally (ii) if the real growth mechanism is the separation of two halves of 
a bifilm, it follows that surface tension is not involved at all.   
 
In several studies made on porosity formation in aluminium castings, there was no evidence 
to show that there was a direct relationship between the amount of oxide present and the 
amount of porosity formed. The predictions were that either hydrogen absorption was 
increased such that formation of gas porosity was directly related to the amount of dissolved 
hydrogen in the melt [84, 130, 131, 189, 195, 199] or the mushy zone was increased [190, 
191, 196, 197, 201, 241-246]. So, researchers focused on the feedability in the mushy zone, 
but this feedability problem did not satisfactorily explain the much higher porosity observed 
in aluminium alloys compared to the theoretical and mathematical approaches made. 
 
It was later reported [247] that melts increased rates of gas absorption from their surroundings 
due to the possible formation of a more permeable oxide layer. A similar conclusion was 
observed by Pekguleryuz et al [84]. In their study, Sr was added to the melt for modification 
and the melt was held at 730oC for three hours to reach equilibrium with the atmosphere. 
Reduced pressure test samples were taken. As the vacuum was increased the pore size was 
increased but not the number of pores. They assumed that the Sr had increased the oxidation 
rate, thus pore formation was observed. 
 
Another important similar study was carried by Valtierra et al [138] . They studied the role of 
strontium oxide on porosity formation. They concluded that porosity was not dependent on Sr 
content but the amount of strontium oxide present in the melt. They had also concluded that 
the morphology of the pores was determined by the form of the oxides. 
 
Very few researchers mentioned oxide related connections with porosity [85, 87, 88, 150, 
157, 164-166, 191]. None of the studies suggested that porosity was effectively nucleating 
heterogeneously on oxides. 
 
The scenario is that during solidification, hydrogen will be segregated ahead of the 
solidification front, and may exceed the solubility limit. Since hydrogen porosity cannot 
nucleate either homogeneously or heterogeneously, it is suspected that it remains in a 
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supersaturated state. However, in the presence of a bifilm with its enfolded gap, the hydrogen 
can diffuse in and start to expand the gap to form a pore (Figure 2.21). Actually the initiating 
porosity is effectively the bifilm itself. These oxides can be seen everywhere in the pores in 
SEM pictures in Figure 4.12 and 4.13. They are either in folded form as bifilm (a), or some 
are fragmentary, possibly originating as a part of a bifilm but was partially sucked into the 
dendritic mesh (b, c, d, e) as was schematically shown in Figure 2.20. Alternatively, what 
appeared to be an unravelled (fully opened bifilm) was observed in between dendrites (f, g, 
h). In Figure 4.12 (i to l), young oxide that is formed by the air introduced by the bifilms is 
seen to be pushed by dendrites. They appear as stretched thin films. These young oxides were 
visible (Figure 4.12 i-l) but too thin to be detected by EDS analysis because of their nature, 
however the rough and thick oxides had given clear oxygen peaks (Figure 4.13). 
 
Bifilms are often seen at grain boundaries since the dendrites cannot grow across the air film. 
With the precipitation of more gas evolving during solidification, the pore may grow more 
rounded. Finally, the size may be such that the original bifilm will become relatively 
insignificant in size, effectively tucked in a corner of the pore, while the pore expands into (i) 
the free liquid to become a spherical pore or (ii) among the dendrites to become an 
interdendritic pore (Figure 2.21). Both types could be gas or shrinkage or a mixture of the 
two, depending on whether the pore grows freely in the liquid, or gases surround by dendrites. 
 
5.3 Effect of Time and Temperature on Pore Morphology 
 
It was found that there was no clear effect of temperature on the reduced pressure test results 
in studies with LM4 (Figure 4.8). Simply, it would be expected that as the temperature was 
increased, hydrogen pick up would increase (provided moisture or other source of hydrogen 
was available in the environment of the melt) which would lead to a higher porosity level. 
This was not found, corroborating the fact that the drying of the furnace refractories had been 
effective, so that the hydrogen derived from this source was negligible. Although the highest 
bifilm index value (400 mm) was found at 900oC (Figure 4.50), the distribution of the bifilm 
index versus hydrogen at different temperatures appeared to be scattered similarly (Figure 
4.50). 
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There is a particularly intriguing observation: it is not related to density but to the pore 
morphology observed on sectioned surfaces of the RPT samples. As the melt temperature was 
increased, the pore morphology was altered from a round to a thin and elongated shape 
(Figure 5.3). This can also be seen in Figure 4.36 where the average shape factor is decreased 
as the temperature was increased. A similar result was found by Laslaz and Laty [88]. They 
associated the round pores with strongly oxidized metal where they also found SEM images 
similar to those shown in Figure 4.12. However, they assumed that the melt was cleaner, 
because the density of the RPT samples appeared high. In fact, in this study, the SEM results 
showed that there were some crack-like pores containing fragments of oxides in between the 
dendrites (Figure 4.12).  This can probably be explained by the opening mechanism of a 
bifilm, more likely by a ratcheting action (Figure 5.4).  This action is described below. 
 
Once a bifilm is introduced into the melt, because of bulk turbulence within the melt, the 
bifilm will be crumpled into a compact form. This bifilm (which is just a few nanometres 
thick) may at this stage be relatively harmless because of its small overall size and would not 
be easily detected. In the reduced pressure test, when the vacuum is applied, the volume of 
gas trapped inside the bifilm will tend to increase and this would force the bifilms to become 
unravelled, becoming straighter with time.  
 
The diffusion of hydrogen into the gap between the bifilm is another factor driving the growth 
of pores. But this action would normally only cause an increase in size towards a spherical 
geometry, reversible if the hydrogen level were to fall. However, in the ratcheting action 
(Figure 5.4), instead of growing spherically, the bifilm tends to open and at the same time 
extending its area a little. Such an extended area is oxidized immediately by the air between 
the bifilms. The process is, of course, irreversible. Thus, as the bifilm circulates in the liquid, 
its expansion towards the top of the melt, followed by its contraction towards the bottom of 
the melt, effectively constitutes a breathing, or panting action (Figure 5.5). Since each 
expansion will be accompanied by the creation of additional oxide film area of the defect, and 
which cannot be reversed, the area of the bifilm will steadily ratchet up in size. If there is little 
gas available, the bifilm will merely grow in area but not in thickness, and thus will increase 
in flatness and length, giving the crack-like forms seen in Figure 5.3c. This is thought to be 
the mechanism of the elongated pore formation that is observed in the sectioned surfaces.  
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The stabilisation of the crack-like form by high temperature, despite the varying hydrogen 
content, possibly suggests that the bifilm diffusion bonds together to some extent, consuming 
its entrained oxygen and possibly its nitrogen to form bonds of oxide and nitride between the 
original oxide films [2, 248]. Thus the bifilm will be difficult to inflate, and may have 
additional rigidity as a result of its increased thickness and its bonding. This is in good 
agreement with the findings in Figure 4.63. The air volume was reduced as the temperature 
increased which showed that oxygen in air was being consumed to thicken the oxide of the 
bifilm. 
 
It is remarkable to note that the form of these crack-like pores does not appear to be sensitive 
to either hydrogen or pressure. As seen from Figure 4.9, there are samples at 200 mbar with 
2.2 mL/kg Al hydrogen level that have the same appearance as the sample at 10 mbar with 3.9 
mL/kg Al hydrogen level. Note that the pressure is 20 times higher but the pore morphology 
looks the same. This proves that the pore size is not the result of normal bubble-like growth 
processes familiar to physics (in which the bubble is assumed to be always spherical with a 
liquid/gas interface of a boundary and full of a fluid that follows the Universal Gas Laws), but 
in all probability is the consequence of the mechanical ratcheting action involved in an 
irreversible oxide formation (Figure 5.4). This appears to be another unpredicted, complex 
aspect of the behaviour of bifilms. 
 
SEM studies made inside pores also corroborate the mechanism of their growth by the 
unravelling of bifilms. In Figure 4.23 (b), there is a crumpled oxide (usually associated with 
turbulence) seen inside the pore that has grown larger than its originating bifilm. In contrast, 
in Figure 4.12 (a, g, h), a crack-like pore appears to show a bifilm that is only partially opened 
in between the dendrites. Only traces of the originating bifilm were found; the remainder was 
assumed to have been sucked deep into the dendrite mesh, as illustrated in Figure 2.21. 
 
The study with 99% Al at different vacuum levels showed (Figure 4.14) that there would be 
no pore formation in a clean melt regardless of the hydrogen content (which on occasions was 
particularly high). The density of the samples remained constant at 2700 kgm-3, even though 
the samples were solidified under vacuum. Once bifilms were introduced, a clear decrease in 
the density of the samples was observed.  This reduction in the density of samples appeared to 
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be initiated by the inflation of the bifilms as can be clearly seen on the sectioned surfaces of 
the samples in Figure 4.15 and from SEM pictures of pores shown in Figure 4.16. These 
results also indicate that hydrogen porosity is not nucleated in a clean melt of pure aluminium 
in the absence of entrained oxide films. These results confirm early work by Brondyke and 
Hess [157] and Tiwari and Speech [140].  
 
In the pure Al results of this work, it appeared to be more difficult to produce pores and the 
pores only formed after the forced introduction of bifilms. This may suggest that either (i) the 
relatively pure Al is more free of bifilms, or (ii) its rather pure Al oxide amorphous film may 
be impermeable (or possibly less permeable) to hydrogen, in contrast to Al alloys, in which 
the oxide structure changes from amorphous to crystalline, producing a less protective film. 
The crystalline phase contains defects which is one of the reasons why oxidation continues 
further. In addition, hydrogen finds its way through these defects more easily making the 
contribution of hydrogen to pore formation in alloys easier than in pure aluminium. 
 
5.4 Effect of Different Pouring Height 
 
The studies in the secondary remelter company in which castings were made from different 
pouring heights showed the apparent effect of bifilms. Maybe one of most important 
characteristics of bifilms was found in this investigation.  The density-hydrogen relationship 
when ingots were filled from different heights was shown in Figure 4.20 and 4.24 for alloys 
LM24 and LM25 respectively. In both of these experiments, the top pouring system gave 
lower density results compared to the bottom filled system. The histogram of density results 
showed this distribution more clearly in Figure 4.21 and 4.25. In both cases, the density 
distributions of top poured castings are wider and the average values are lower whereas the 
bottom filled samples have steeper and narrow distribution at high density levels. 
 
In the top poured system for LM24 (Figure 4.20), even though the hydrogen levels appeared 
low, the density results were low too. However, in the bottom filled samples, the density 
results were higher. Such results illustrate, if further illustration is needed, the non-wisdom of 
using the RPT as a hydrogen test. This discrimination was much clearer in studies with 
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LM25. As seen from Figure 4.24, the density of reduced pressure test samples taken from the 
top poured system is separated clearly from the bottom filled samples.  
 
Similar results were also found on the studies with diffusers used in holding furnace. There 
was a significant increase in the density of the reduced pressure test samples between non-
quiescent (SET 1) and quiescent castings (SET 2) (Figure 4.29a). The values of increase were 
84.4 kg/m3, 134.6 kg/m3, 163.0 kg/m3 for start, middle and end of casting respectively. 
 
The most interesting observation was seen on the sectioned surface of RPT samples (Figure 
4.22, 4.26). In the top poured system, with the turbulent filling, when bifilms were 
incorporated together with trapped air, the unravelling process of bifilms was easier such that 
this is clearly seen from the large and irregular pore morphology, in line with expectations.  
 
Another interesting result is that the number of pores was smaller in the bottom filled system 
(Figure 4.22, 4.26). In the top poured system, when bifilms were generated due to the 
turbulence, more initiation points for pore growth were created. These results can be seen in 
Figure 4.22, 4.26 from the sectioned surface of both alloys LM24 and LM25.  
 
It is also interesting to note that in studies with LM25, the bottom filled sample castings had a 
flat upper surface (Figure 4.26) while top poured samples have convex upper surface due to 
increased pore size as a result of bifilms.   
 
5.5 Effect of Different Gas Flow Rates used during Fluxing 
      and Degassing 
 
At the melting stage, during the studies with LM27 in the 2.5t induction furnace, it was 
observed that fluxing and degassing had created violent turbulence on the liquid surface. 
Because of the concerns regarding the introduction of bifilms, an investigation was 
undertaken with different gas flow rates during this cleaning process. The reduced pressure 
tests result of this study was given in Figure 4.17. 
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The data in this figure naturally divide into four regions. Region I shows the results of 
samples that were taken from the induction melting furnace before any treatment. As can be 
clearly seen, this region is the most scattered in terms of both density (1700-2700 kg/m3) and 
hydrogen content (2-12 mL/kg Al).  
 
Region II represents the high flow rate degassing. This region is somewhat denser (2300-2700 
kg/m3), but wider in terms of hydrogen content (2-10 mL/kg Al). This may be because there is 
a net reduction of the effects of bifilms since bifilms are attached to the rising bubbles, but gas 
in solution appears to have been increased as a result of enhanced absorption by the 
disturbance of the surface.  
 
Region III, the low flow rate studies, shows a significantly improved efficiency of degassing. 
Hydrogen level is the lowest and the narrowest in the graph between 2 and 4 mL/kg Al. 
However, there exists a scatter in density results (2100-2500 kg/m3) which appear to be an 
indication of insufficient cleaning out of bifilms. It is also important to note that in this region, 
even though the hydrogen level is low, the density is decreased noticeably, possibly because 
of the effect of bifilms giving an increased contribution of air (or remnant of air such as N2 or 
Ar) resulting in higher porosity.  
 
Finally, Region IV shows the holding furnace results. In this case, both hydrogen and density 
results appear improved. This seems likely to be because of the sink and float mechanism in 
the holding furnace where inclusions, as well as bifilms, find time to settle (heavier ones sink, 
lighter ones that contain more air gap float to surface) and hydrogen in the melt has time to 
come into equilibrium with its environment which, despite the fuel firing of the holder, seems 
satisfactorily low. As was also reported by Martin et al [249], settling was found to be 
beneficial to metal cleanliness in controlling the concentration of inclusions. 
 
5.6. Comparison of effect of ceramic diffusers during fluxing 
 
In principle, it was assumed that with the use of ceramic diffusers during the fluxing and 
degassing process in the 2.5t induction furnace finer and homogenous distribution of bubbles 
would be created so that the cleaning process would be more effective. Schematic drawings 
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were given in Figures 2.25-2.26 and 4.19. However, this was not found. As seen from Figure 
4.18, the results of fluxing and degassing with lance, T-type ceramic diffuser and Disc-type 
ceramic diffuser are scattered, their RPT distributions overlying in the density/hydrogen field.  
 
Moreover, during the treatment practice with the ceramic diffusers, their heavy weight caused 
the steel tube to bend. Also, because of thermal shock and repeated use, the ceramics started 
to crack. In addition, of course, they were expensive. Thus further trials with ceramic 
diffusers was discontinued. No additional benefit was also seen from the disc diffusers.  
 
Therefore, later at the primary melting stage in the induction furnaces, only the lance system 
was used. Even though the high flow rate introduced bifilms (as was shown in Section 4.2.1), 
by the use of diffusers set into the floor of the holding furnace any remaining or newly created 
inclusions or bifilms were controlled. This action, together with the quiescent conditions later 
achieved (Section 4.2.3), the quality of the castings were improved significantly. 
 
5.7 Evaluation of bifilm index 
 
Quantification of the quality of the melt is a challenge. Gathering all the results obtained so 
far from all different conditions and alloys, and considering the complex behaviour of bifilms 
a quantification study was made and several quality indices were proposed and evaluated. A 
total of four different concepts of quantification have been explored, with progressively more 
meaningful and/or useful results. 
 
First, in terms of quantification, a simple practical approach was made following the many 
previous workers [136, 234-240] who have attempted to quantify the reduced pressure test. A 
linear relationship between density and hydrogen was assumed, as was shown in Figure 4.8. It 
was suggested that as long as the density was high, the metal quality was said to be ‘clean’. 
However, as we have discussed, there are fundamental reasons why a direct approach is not 
likely to be successful; the melt can be dense even though full of bifilms if the bifilms are not 
opened. Only if there is hydrogen to diffuse into any available existing bifilm, the bifilm will 
begin to unravel, expand and grow into a pore, and so cause a measurable reduction in 
density. 
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Image analysis of the sectioned samples was studied in a further effort to make the test 
quantitative. The shape of the pores was important. A round and a small pore would be 
considered to be less harmful than a large and elongated pore which is assumed to be an 
indication of bifilms [5]. Therefore, shape factor (QI1) was measured. However, the results 
revealed a relatively constant shape factor in the region of 0.5 (Figure 4.43a).  Unfortunately, 
the pore morphology clearly seen by the unaided eye (Figure 4.9, 4.22) was not easily 
detected by the image analysis software. This is hardly indicative of porosity resulting from 
spherical hydrogen bubbles expanding freely in a liquid metal, in which case they would have 
a constant shape factor of 1.0. Alternatively if the opening of bifilms were easy and 
progressive, the shape factor would be seen to increase steadily from 0 to 1.0 so that the shape 
factor would be expected to span this complete range. However, the observation of a fairly 
constant factor in the region of 0.5 is, however, probably the behaviour to be expected from a 
messy tangle of crack-like oxide pockets that exhibit some difficulty to expand and straighten 
to form spherical pores. 
 
It was hoped that the total volume of gas observed in pores would bear some close relation to 
the total hydrogen content. However, the realisation that probably random quantities of air 
(probably in the form only of residual nitrogen and argon as a result of the continued reaction 
of oxygen to form additional oxide) are also involved (Figure 4.8).  
 
The shape of the pores was considered to be of possible importance since it reflected the state 
of the bifilms whether they were partially or fully opened. In view of the lack of sensitivity of 
the shape factor approach, a fresh effort was made to find a parameter to quantify the results 
of the RPT. A second quality index number (QI2) was proposed (Equation 3.7). 
 
The parameter QI2 was chosen to emphasise the potential quality problems. In this case, the 
effect of the shape of the pore, the length of the pore and the number of pores were included 
since all were assumed to act co-operatively to reduce mechanical properties. Thus a high QI2 
number would mean high properties. Note that the basis underlying this formula was that the 
number of pores was related to the number of bifilms, and the shape and the length of pores 
are related to the degree of their expansion (Figure 4.44-4.45). 
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The observed relationship seemed reasonable (Figure 4.44-4.45). The results presented in 
Figure 4.45 clearly mirror those of Figure 4.43b. They show that the quality of most of the 
melts that were tested was poor (the values are below 1). It is clear that as the pressure was 
increased, the quality index number increased, because the volume of the pores will decrease. 
This reflects the well-known fact that the pressurisation produced, for instance, by a feeder 
acts to reduce porosity, and additional artificially applied pressure reduces porosity further 
[5].  
 
In contrast, there were two outstanding data points that have been circled (Figure 4.44): 
having values of 4.8 (a) and 1.2 (b) quality index. Interestingly, the sample with higher 
density (b) had lower quality index number. The reason was because this sample had a shape 
factor of 0.25 and a pore length of 2.1 mm. Sample (a) has 0.54 shape factor and 0.61 mm 
pore length, which simply means that the lower quality index sample has longer and more 
crack-like pores. Although these quality index results suggest effects approximately in line 
with expectations, it is clear that more work needs to be done in this area.  
 
The further interesting feature of Figure 4.45 was the sudden increase in quality index above         
2600 kgm-3 density. This was found to be associated with the fact that all of those samples 
with high quality had less than 3% area porosity and fewer than 40 pores.  
 
Similar results were obtained from the castings where different pouring heights were used. As 
seen from Figure 4.45, there is a clear difference in quality between top-poured, turbulently 
filled samples and those from bottom-filled, non-turbulent castings.  
 
There are again two data points (I) and (II) that can be usefully selected as significant 
examples (Figure 4.45b). Point I has a quality index value 6.1, and II has 1.2. Interestingly, 
these have same density but have a significant difference in their quality index. The reason is 
that the sample with lower quality index has a shape factor of 0.34, a pore length of 1.17 mm 
and 22 pores. The other sample has 0.45 shape factor, 0.76 mm pore length and 10 pores. This 
means that the lower quality index sample has long and more elongated pores, and more of 
them. All the factors contribute negatively in this case. 
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All of these results illustrate that having a high density does not necessarily mean that the 
quality is correspondingly high. This is the result of the complex and relatively unpredictable 
behaviour of the bifilms. They may be fully straightened (but not yet opened) and so behaving 
as a crack, making little reduction in the density of the casting (Figure 4.9), but having a 
significant impact on properties. Alternatively, they maybe in a crumpled state, un-opened, 
having an overall small radius, again having a negligible effect on density, but this time not 
affecting the properties. A further scenario is when they are to some extent inflated, so that 
the density is reduced correspondingly; in this case properties will also be expected to be 
reduced, but to an extent depending on the shape of the partly opened bifilm. 
 
Because the shape factor varied comparatively little (mostly within approximately a factor of 
2) and even the pore size not much more than a factor of 10, an alternative approach was 
made to quantify the RPT simply by counting the number of pores. The number of pores 
varied by a factor of 100 or more, and was clearly the dominant effect. This number was 
assumed to be the indication of number of bifilms. In this later exercise, therefore Equation 
3.7 was simplified to Equation 3.8. 
 
A theoretical relationship between density and number of pores was plotted as shown in 
Figure 4.46. In Figure 4.46 (a) the three points ‘a,’ ‘b’ and ‘c’ are used as examples to explain 
why the size and shape of the pores are neglected in this version of the quality index. 
Considering first the two points ‘a’ and ‘b’ on the horizontal line: they have the same quality 
index number (both have one pore) but different densities (‘a’ has higher hydrogen). The 
second case is the vertical line: points ‘b’ and ‘c’. They have the same density, but different 
quality index because although they have the same total volume of porosity, ‘b’ has 1 pore 
and ‘c’ has 20 pores. The results of the analysis with LM4 (Figure 4.47) showed that the 
relationship between the number of pores and the quality index was actually not capable of 
displaying a sensitive change with the density. As seen from Figure 4.47, the QI3 appears to 
follow a constant value below densities 2500 kgm-3. Interestingly, this suggests a critical 
number of pores (per unit volume) such that beyond a certain level, the number of active 
nuclei does not change, but only the size of the pores increases. Possibly there exists a critical 
inter-pore spacing at a threshold level where hydrogen is diffused. 
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In the final approach, an alternative, and happily uncomplicated way of quantifying bifilms 
was proposed. The total length of bifilms was measured using the sum of the maximum 
lengths of all the pores on the sectioned surface of reduced pressure test samples. This quality 
index was named the ‘Bifilm Index’ (Equation 3.9).  
 
For a distribution of approximately uniform pores the index is simply the average maximum 
pore diameter multiplied by the total number of pores. The final index is a length, 
conveniently measured in millimetres.  
 
The use of a simple total length measurement commends itself as a practical measure of 
quality in an industrial environment. It is recommended that the parameter be used in this 
simple and direct form. However, it is to be noted that this practical measure is really a length 
per standard area of polished surface. This is a curious measure from the point of view of a 
fundamental or scientific parameter. Thus for such purposes the more logical unit could be, 
for instance, the total area of bifilms per standard volume or weight of melt. Assuming 
random orientation of bifilms (probably not always true of course, but adequate for most 
purposes) a logical measure is: 
 
 Bifilm quantity  = Lb2 / weight of sample   (5.2) 
 
where units are for instance mm2/100g Al. A variant of this approach would be to normalise 
the total bifilm length, using the length squared to give an effective area, divided by the area 
over which the measurement was made.  
 
 Bifilm quantity  = Lb2 / area of sample (5.3) 
 
This is a dimensionless quantity. This final quantification, whether in a final form such as 
defined by 5.2 or 5.3 above, was more direct than the previous attempts at quantification, 
being based on a simply understood length measurement. If the three low data points at 10 
mbar at 900 C in Figure 4.49 were neglected, there is a rational relationship between bifilm 
index and density of the RPT samples. In fact low results in these conditions are to be 
expected as a result of bubble loss from the top surface of the RPT sample. Thus it seems 
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reasonable to conclude that the 10 mbar condition is not a reliable condition for the 
assessment of the bifilm index.  
 
The more consistent results were observed in tests where 100 and 50 mbar were used in the 
RPT. As seen from Figure 4.52 (a), there are, on average, approximately three times the 
length of bifilms in top poured castings (138 mm at 100 mbar) compared to bottom filled 
castings (44 mm at 100 mbar) (corresponding approximately to 20,000 and 2000 mm2/100g or 
to 0.11 and 0.04 respectively). 
 
The quality changes in the samples that were poured from different heights were discussed 
previously. It was clear that the top pouring system, where bifilms as well as entrapped air 
were introduced into the melt, had lower quality compared to a bottom filled system. This was 
to be expected. Most of the previous quality index studies had confirmed this result based on 
various dimensionless numbers. In this final approach, the quantification was more direct, 
being based on a simply appreciated length measurement. The worst casting in each case 
exhibited 240 compared to 140 mm bifilm index (Figure 4.52a). 
 
These results were in good agreement with the studies when different numbers of diffusers 
were investigated in the holding furnace (Section 4.2.3). In that study, when the metal flow 
was controlled quiescently from the tapping point (slowly and no dross formation) and the 
launder was lowered to a minimum height for casting (Figure 3.5), it was seen that the quality 
was significantly increased (Figure 4.58). The average bifilm length values for non-quiescent 
conditions (SET 1) were 188 mm without diffusers and 100 mm with diffusers (Figure 4.56). 
These rather high results fell in quiescent conditions (SET 2) to 39 mm without, and 35 mm 
with diffusers (Figure 4.58).  
 
It is also interesting to note that when the casting was carried out quiescently (achieved 
simply by the three changes investigated in this study), the average bifilm index values of 
SET 2 was below 50 mm even when no diffusers were used in the holding furnace (Figure 
4.58). The 50 mm value therefore has been somewhat arbitrarily chosen here as a reasonable 
working threshold between good and bad qualities which was also seen in the studies with 
different casting heights where the average values for bottom filled castings were 44 mm and 
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48 mm for LM24 and LM25 respectively. It represents a target specification that can of 
course be tightened up as technique improves over time.  
 
Any attempt to quantify the RPT using the estimation of the size of the originating bifilms in 
the liquid requires care. Clearly, large bifilms are observed as cracks, so their size, in terms of 
the length of crack, is straightforward to measure. Lengths measured in mm, up to even 10 or 
15 mm, have been observed reasonably often during this study. However, for small bifilms, 
the precipitation of hydrogen can completely inflate the bifilm, or even over-inflate the bifilm 
thus eventually forming a bubble larger than the originating bifilm. Thus the diameters of 
spherical bubbles merely indicate an upper limit to the size of the originating defect. Because 
of this effect there is the danger that the bifilm index will be over-estimated, literally inflated. 
This threat to accuracy is felt to be relatively modest however. A doubling of the gas content 
of a spherical inclusion will enhance its size by 21/3 = 1.27. It seems unlikely that inflation by 
gas will often exceed such a value. In any event, any quantification within a factor of 
approximately 2 still appears to be useful. The total range of qualities assessable by the bifilm 
index appears to vary between something as small as perhaps 5 mm or less, up to a maximum 
in the region of 500 mm. Thus this factor of at least 100 in range means that the factor of 2 or 
so potential inaccuracy is acceptable in the sense that the result is still of great practical value. 
 
It is clear that the unravelling of the bifilm, depending on the accidental and intricate 
geometries of the ravelled form, will be expected to show a wide range of difficulties, 
assisting to explain some of the wide scatter in results seen in this work. As was seen from 
Figure 4.62, it was really hard to find a relationship between the bifilm index proposed in this 
study and the hydrogen content of the melt. Hydrogen is evidently a contributor but still it has 
to be kept in mind that the unfurling and opening of a bifilm is a complicated, uncontrollable 
and unpredicted phenomena. 
 
5.8 The relationship between number of pores, hydrogen and  
       bifilm index 
 
Looking at the relationship between bifilm index and the number of the pores, if the 
theoretical points in Figure 4.61 are compared with the experimental findings in Figure 4.60, 
 78 
it can be seen that points I and IV are not likely to be met. This suggests that there were no 
single large pores and there were no cases of hundreds of fine pores. All data seemed to lie in 
between such extremes.  
 
However, when examining Points II and III, it has to be kept in mind that from the approach 
of Anson [129] (Figure 5.6), a single shrinkage pore could be observed as many small pores 
in two dimensions. So actually, that single shrinkage pore in Figure 5.6 could be a defect 
initiated by a single bifilm, but the number of pores would appear to be 5.  
 
It is important to note that the bifilm index (total length of oxide) would still be the same no 
matter if it is observed as single pore or multiple fragments of that pore. Since it originated 
from one bifilm, only the number of the pores would change. Therefore a sophisticated image 
analysis would be required to further develop the contribution of the number of the pores to a 
future reliable quality index. 
 
Turning now to the problem of the measurement of hydrogen and relating it with the density 
of RPT samples. This has been the central, if misguided, issue pursued by previous 
researchers as discussed earlier in this chapter. In addition, however, this raises the issue of 
the reliability of hydrogen measurement in the liquid aluminium carried out in this work.  
 
In this study, the Hyscan technique was used to measure hydrogen levels. From one melt, 
different values of hydrogen levels were recorded ranging from 0.5 to 4.0 mL/kg Al (Figure 
4.14) although for some cases this value was as high as 12.0 mL/kg Al (Figure 4.20). When 
the recorded values were put in chronological order from the start of the experiment to the end 
of the tests, the results showed that the hydrogen level in the melt was not constant nor 
consistent (Figure 5.7). LaOrchan et al [240] had used Alscan in their studies with the RPT. 
Alscan is, of course, a fundamental method and universally accepted as a reliable technique. 
These workers also observed the same scatter of hydrogen ranging from 0.5 to 3.5 mL/kg Al 
(Figure 5.2). The data collected from LaOrchan’s results were compared with the findings 
from the current work in Figure 5.8. As seen from the figure, apart from a few high density 
values for high hydrogen level at the right top of the plot, the results agree, superimposing as 
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in the fit of a glove. This strongly suggests that there may be little wrong with the current 
Hyscan data.  
 
In fact, in this study, an attempt was also made to correlate the results between Alscan and 
Hyscan. However, the Alscan test required 15 minutes whereas for Hyscan it was 5 minutes. 
In addition, Alscan required a costly probe which was dipped into the melt, often for several 
hours during the repeated measurements of the hydrogen. In the end, the wires that held the 
probe were melted and probe fell into the melt. As a consequence, the Alscan unit could only 
be used for 4 experiments before the probe needed to be changed. As a result, the use of 
Alscan for remainder of the tests was discarded. 
 
It is important to keep in mind that the bifilm index is, of course, independent of the 
measurement of the hydrogen content of the melt. Thus measurement of the bifilm index is 
unaffected by the errors that can occur from hydrogen measurements. Ultimately, the RPT test 
and the bifilm index are the direct measure of potential defects that may degrade the 
properties of castings regardless of the measurement of the hydrogen level. 
 
5.9 Image Analysis Studies 
 
The use of X-ray radiography was first explored but soon abandoned because images of pores 
overlapped and confused the interpretation (Figure 4.30). Two dimensional image analyses of 
polished sections were found to be more straightforward. In this case, since the test was done 
in 2D, not all of the pores were included of course. However, plotting a graph between 
observed pore area and density showed a relatively close linear relationship at 100 mbar 
(Figure 4.39), indicating that the 2D approach would allow an estimate of the total volume of 
pores in the sample itself.  
 
As was previously discussed, it was found that there was no dependence of shape factor on 
hydrogen and density (Figure 4.32-4.35, 4.41). This unexpected insensitivity of shape factor 
to shape changes that appeared clear to the unaided eye was difficult to understand. For this 
reason, an image analysis of basic geometric shapes of precisely known geometry using three 
different softwares was studied to test and to compare the accuracy and effectiveness of the 
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various packages. Results are summarised in Appendix II. These trials showed that the results 
of the different software systems were in reasonable agreement as illustrated in Figure 1 of 
Appendix II.  
 
It was also found that the actual problem emerges from the complexity of digitised images. As 
seen from Figure 9 (Appendix II), a round pore can have intricate shaped edges at highest 
resolution resulting in 0.61 shape factor instead of a factor much more closer to 1. Possibly a 
further development is required in software engineering in this situation. If the image was 
analysed at a sufficiently fine resolution it is estimated that the shape factor would be 
accurately measured and the problem would be solved. 
 
5.10 Optimum Pressure Considerations 
 
As seen from the ‘Bifilm Index’ studies, Figure 4.52b appears to give an apparently interesting 
spread of results. The 50 mbar residual pressure is sufficiently low that for some hydrogen 
contents the bifilms would have expanded to give bubbles sufficiently large to rise and escape 
at the surface of the sample during solidification under the reduced pressure. Thus the total 
porosity, and perhaps the total pore length also, is likely to be underestimated. Conversely, 
such low pressure will also be expected to expand bifilms to create bubbles of a diameter 
greater than the originating bifilm. Thus the total length of bifilms may be overestimated. 
There are therefore conflicting effects at very low residual pressure, causing the real bifilm 
sizes to be uncertain. It seems therefore that 50 mbar may be slightly too low a residual 
pressure to ensure the reliability of the results. 
 
At very high residual pressures, particularly at atmospheric pressure, the bifilms are, of 
course, not detectable at all (Figure 4.9). This is the very reason for the use of reduced 
pressure. Clearly, therefore, an optimum pressure exists.  
 
Even so, Figure 4.52a shows similar data but at an intermediate residual pressure of 100 mbar. 
This pressure cannot be far from an optimum, since bifilms are usually just easily visible, but 
many retain their crack-like form, and so clearly have not been over-expanded. The 
commonly used 75 mm Hg, currently widely used in the industry, corresponds almost exactly 
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to the 100 mbar used here. Thus, this commonly used standard is seen, happily, to be not far 
from this optimum. Confirmation of this tentatively proposed location of an optimum requires 
considerably more investigation than could be offered in this study. Work is required to 
establish a robust optimum that will deliver meaningful and reproducible results from a test 
that has so far only been criticised for its understandably wide scatter. However, the bifilm 
index is reasonably insensitive to pressure, and even now appears to give an assessment of 
quality better than any other reported quantifications of the RPT in the literature.  
 
5.11 The Effect of Bifilms on Mechanical Properties 
 
The final aspect of this investigation was the comparison of the bifilm index with the 
mechanical test results. The design of the tensile test pattern was first investigated to ensure 
that the cast test bars would represent the quality of the sample ingots. It was important 
therefore to produce bars in which few defects were introduced during filling.  
 
The comparison of mechanical properties from the two mould designs showed that the 
dominant benefit from quiescent filling is the ductility. The non-quiescent system had 
scattered elongation results while the quiescent filling showed remarkably consistent values 
(Figure 4.64b).  This lends reassurance that the tests carried out with the optimised design of 
the test bar mould, in which the observed flow appeared to be optimum, are in fact relatively 
free of internal defects created during filling. 
 
Nevertheless, before melting the ingots and casting them into moulds to produce bars, a 
simple check was carried out to ensure that the remelted and cast test bars gave results 
substantially similar to those machined directly from the ingots (Figure 4.65). For instance 
one might expect that the high volume of shrinkage in the ingots would affect the results so 
that there would be a difference between the cast and machined bars. In fact, it is rewarding to 
note that in fact no difference was observed; the results were closely similar.  
 
In the following tests, the effect of different Mg contents on mechanical properties and bifilm 
index was investigated with alloy LM2. The first observation was the larger pore size of the 
samples with higher Mg (Figure 4.66). The proof stress increased with the higher Mg from 
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116 MPa to 149 MPa for bottom filled samples and from 121 MPa to 154 MPa for top poured 
samples (Table 4.4), which is hardly a significant increase in view of the natural scatter of 
these values. These effects of Mg may probably be taken as similar to the effects of Sr, since 
oxidation is enhanced, and Mg has a slight modification effect on the Al-Si eutectic. Some 
parallels with the action of Sr can be seen in other studies [84, 138, 192, 247]. 
 
In the mechanical test results of both low and high oxide contents, high Mg castings showed 
higher strength (Figure 4.70-4.72). This is to be expected from the action of Mg to strengthen 
the alloy by Mg2Si precipitation, even though no heat treatment was carried out. However, it 
is interesting that the elongation results for the high Mg castings appeared to be low.  
 
In fact, similar results were also reported by several workers [155, 251-254] . Dasgupta et al 
[255] found that the decrease in ductility (regardless of Mg content) was due to the absence of 
modified or fibrous eutectic structure.  Nagel et al  [256] found that the decrease in ductility 
may have to do with the Fe content, since an increase in the Fe content increased the number 
of β-AlFeSi which were held responsible for crack initiation sites. As it was shown by Cao 
[164, 165], Fe phases were nucleated on bifilms and it was the bifilms that initiated the crack. 
Caceres et al [22, 257] found in their study where they investigated the effect of casting 
defects on tensile properties that the dominant parameter was the area of fraction of defects in 
cross section, (regardless of their shape and distribution). Similar findings were observed on 
the SEM studies in Figure 4.74 a, d and e. The most likely explanation for these reported 
findings lies in the behaviour of bifilms.  
 
It is suspected that the slightly increased bifilms, plus their rather thicker oxide that would be 
expected [258], plus perhaps a somewhat higher hydrogen content as a result of either a more 
permeable surface film or enhanced reactivity with environmental humidity, might all have 
contributed to thicker and more open bifilms that would have reduced ductility.  
 
It can also be seen from the Weibull distributions (Figures 4.70-4.72) that in the low Mg alloy 
with low bifilm index (Table 4.4), the strength appears to be more consistent and repeatable. 
Conversely, in the high Mg alloy, the strength is generally higher, but the greater scatter 
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makes the castings more unreliable, and gives rise to some results significantly lower than 
those for low Mg.  
 
In the studies with LM24 (Figure 4.75-4.76) where the casting sequence was examined, it was 
found that the chemistry of the alloy remained unchanged from start to finish (Table 4.3). 
However, initial strength values were low (PS = 119.95 MPa, UTS = 146.46 MPa), but 
towards the end of the casting the proof strength and the UTS increased by approximately 25 
MPa to 145.64 MPa and 169.33 MPa respectively (Table 4.4). When the glass cloth filter 
(which was places at the exit of launder prior to mould filling) was not used, the proof 
strength was 146.70 MPa, but the UTS value was increased to 159.75 MPa which was 
accompanied by a clear decrease in ductility from 0.45% (filtered) to 0.29% (unfiltered) 
(Table 4.4). This was expected, but the unexpected increase in proof strength was a clear and 
secure result. Although it is admitted that the volume fraction of bifilms is in this case 
extremely small (probably less than 0.1%) the oxide has an effect disproportionate to its 
volume fraction as a result of its huge area. Cross plots of the existing data are shown in 
Figure 4.77 where the observed effects of bifilms on the strength and elongation are 
summarised. The total number of tests carried out may seem unsatisfactorily low for statistical 
approval.  
 
These findings in the mechanical test results of LM24 were analogous with the RPT studies in 
the holding furnace where different number of diffusers were run. In that case, when diffusers 
were not active, there was a decrease in the density of the RPT samples (Figure 4.27a) from 
start to the end and a considerable increase in the bifilm index (Figure 4.57a). The findings 
that the quality was decreasing towards to end of the melt are supported here by the 
mechanical test results.  
 
5.12 Parameters Affecting the RPT Sensitivity  
 
Development of the reduced pressure test into a quantitative analysis technique for 
determining the metal quality requires full understanding of the system. The system consists 
of solidification under vacuum. This helps to reveal two detrimental effects of aluminium 
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alloys: hydrogen porosity and bifilm content. There are several parameters that may influence 
the effects and behaviour of these defects. They are summarised as follows: 
 
5.12.1. Sample pouring temperature:   
 
Increasing the temperature increases gas absorption and the solubility of hydrogen in the 
liquid. Also as the temperature increases, the oxide structure is altered from amorphous to 
crystalline γ-phase and, if given time, might even convert to α-phase. Thicker oxide gives 
elongated pores with a more rigid structure so that expansion is more restricted thereby 
leading to higher density. For reliable evaluation, it is suggested that the casting temperature 
and the holding time prior to sampling should be kept constant.  
 
5.12.2. Microstructure:  
 
The metallurgy of the alloy is expected to affect pore size to some extent. Pores will grow 
until they impinge on the surrounding dendrites and therefore may develop a typical 
interdendritic shape. If the eutectic fraction is high, then these pores will appear round, instead 
of because of planar growth of the freezing front. These factors will all affect the size, shape 
and distribution of the pore and so in turn will affect the measured bifilm index. Even so, this 
effect is expected to be only of secondary importance.  
 
5.12.3. Chamber pressure:   
 
Chamber pressure was a major study area since reducing the pressure increases the pore 
formation. However, at low vacuum levels, the differences in densities are widely distributed. 
Also the bursting of bubbles from the surface makes the test unreliable. At low vacuum level 
(200 mbar) the driving force to expand the air gap between bifilms is insufficient. 100 mbar is 
most likely to be closest to an optimum pressure. Pressures are easily, accurately and 
relatively inexpensively controlled, so that changes in the target pressure are not expected to 
limit the usefulness of the technique. 
 
 85 
5.12.4. Shrinkage:  
 
Surprisingly shrinkage does not appear to be an important factor in the medium to long 
freezing alloys studied in this work. If a sample is solidified under atmospheric pressure, the 
applied pressure collapses the top of the sample so that the effect of shrinkage is observed 
towards the top region of the sample. The interesting point is that the samples that are 
solidified under vacuum do not show any significant shrinkage in the same region. This may 
be because when solidification starts under vacuum, the bifilms that are located everywhere in 
the sample are now able to initiate pores that proceed to expand, countering any effect of 
shrinkage on solidification.  As was seen from the sectioned surfaces of RPT samples, there 
are pores even very close to the mould walls.  
 
5.12.5. Melt gas content:  
 
The theoretical linear relationship between the density of a RPT sample and the gas content of 
the melt was not seen to be followed closely in the experimental trials. Since hydrogen – the 
only soluble gas in liquid aluminium - cannot nucleate either homogeneously or 
heterogeneously in the absence of bifilms, there would be no pores observed even when the 
samples were solidified under vacuum. However, in the presence of bifilms, the hydrogen 
would initially open them sufficiently to allow their length to be measured accurately. But 
excess hydrogen would encourage the bifilm to overextend, possibly growing to a pore of 
diameter much greater than the originating bifilm length. Thus, considering same amount of 
bifilms behaving in a same way at two different melts with different gas level, it is expected 
that a high hydrogen level will lead to an overestimation of the bifilm index. 
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CHAPTER 6 
CONCLUSIONS 
 
1) The present work confirms that the quantification of the RPT to yield estimates of 
hydrogen in solution by the use of density measurements is problematical, and despite 
previous claims, has not yet been achieved. The wide scatter of results is fundamental and 
necessary as a result of the presence and behaviour of bifilms. At the present time, the RPT 
appears to be of little use for the assessment of hydrogen content of the alloy. 
 
2) Representative sampling of a casting by just using one RPT sample, although widely 
practiced, seems to be unreliable. From one 7 kg ingot, the bifilm index values may vary 
between 0 to 70 mm for one casting and between 40 to 350 mm for another casting made 
under known poorer conditions. This perceived disadvantage of an apparent lack of 
reproducibility of the RPT is in fact a reflection of the reality of the sampling problem of 
scattered defects in suspension in the melt. Since it is clear that a single sample will be 
inadequate, in practice it is probably to be recommended that at least three RPT samples 
should be taken to assess melt quality.  
 
3) The development of a quality index using image analysis, where the number of pores, 
shape and length of the pores are included, is shown to have potential. 
 
4) The Bifilm Index, the total length of bifilms on the sectioned surface of the RPT sample, 
appears to be the most promising technique. The measurement of samples solidified at 100 
mbar residual pressure gave apparently reasonable, and possibly the most reliable results. It is 
expected therefore that the current industrial norm of 75 mm of mercury (practically identical 
to one tenth of an atmosphere, 100 mbar) will be confirmed to be an appropriate residual 
pressure for the reliable operation of this technique. 
 
5) A increase the bifilm index (an increase in total bifilm area) is observed to be accompanied 
by a small fall in elongation but a small increase in strength. This is not understood. 
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6) When no diffusers were used in the holding furnace there was a deterioration in the quality 
of melt from the beginning to the end of the casting. The use of diffusers increased the metal 
quality. 
 
7) The more quiescently the casting is controlled, the higher the quality of the products. Good 
control includes (i) careful minimisation of turbulence at tapping; (ii) minimised fall of the 
liquid; and (iii) filling conditions to reduce turbulence in the until the mould filling stage in a 
casting process. 
 
8) The common criticism of the RPT as a poor technique for the assessment of hydrogen 
content is seen to be accurate for fundamental reasons. However, this is no reason to reject the 
test, since the test is valuable and robust for assessment of bifilms. It has the additional 
benefits of simplicity and low cost. Possibly together with Bifilm Number, Bifilm Index 
appear to be the most important fundamental parameters for the assessment of quality. 
 
9) It is confirmed that the sectioned RPT technique, despite continuing to resist efforts until 
now to quantify it, remains a good check of metal quality.  
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FUTURE WORK 
 
- Carry out more tensile tests with different alloys and castings conditions to compare 
bifilm index change with mechanical properties. A valuable target would be the 
establishment of a map between bifilm index and RPT density, showing the contours 
of strength and ductility. 
 
- Study image analysis software to determine precisely the parameters and to prepare a 
computer model to speed up the process. 
 
- Study on the effects of modifiers (such as Sr, Mg etc) on oxide structure and pore 
morphology under reduced pressure test.  
 
- An investigation on the development of the morphologies of the pores in the RPT 
samples taken from melts held in a (i) a resistance furnace (relatively slow convective 
stirring) and (ii) the induction furnace (powerful, rapid stirring). 
 
-   Re-processing of the RPT test results obtained from the thesis and with the data that is 
going to be collected from the future tests, a statistical technique will be used to 
analyse RPT results in order to find out how many samples should be taken from a 
melt to get a reliable assessment of the quality of the melt.  
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APPENDIX I 
Calculation of Theoretical Hydrogen-Density Relationship 
 
Density of a sample is defined by mass divided by its volume: 
V
md =  
 
If there is V amount of gas present in the sample, then the density should be: 
 
gasmetal
gasmetal
VV
mm
d
+
+
=  
 
the weight of the gas is negligible , mgas =0, 
 
gasmetal
metal
VV
md
+
=  
 
Any ‘V’ amount (volume) of gas will decrease the density accordingly.  
 
In the reduced pressure test, since solidification is carried under vacuum, then V volume of 
gas will be enhanced by the vacuum action according to the following equation: 
 
2211 VPVP =  
 
Therefore, for example, if the reduced pressure test is carried at 100 mbar, the volume of the 
gas should be: 
 
21 .100.1000 VV =  
 
 
12 .10 VV =  
 
signifying that the volume of hydrogen should be 10 times greater at 100 mbar. 
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For example, if the measured hydrogen level of the melt is 0.24 cc/100g Al, then the density 
of the sample without any pore should be: 
 
cc ,
g 
cc/g 7,
0337
1002 =  
 
0.24 cc/100g Al hydrogen level at 100 mbar = 2.4 cc/100g Al, then the density measured 
after reduced pressure test should be lowered accordingly: 
 
420337
100
..
d
+
=  
 
d=2.43 g/cc 
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APPENDIX II 
Comparison of Image Analysis Software 
 
To make sure that the image analysis results were accurate, three different software packages 
were compared (Sigma Plot -SPSS, MCID, Clemex). First a simple test was done: shapes of 
ellipses with known dimensions were subjected to image analysis. The data collected from 
the image analysis is summarised in Tables 1-3. The results are given in Figures 1-3. 
 
Table 1: Image analysis results for Shape Factor 
SHAPES Height Width 
Calculated 
Shape 
Factor 
MCID 
Shape 
Factor 
SPSS 
Shape 
Factor 
CLEMEX 
Shape 
Factor 
1 1 1.00 0.99 0.90 1.00 
1 2 0.80 0.84 0.76 0.83 
1 3 0.60 0.66 0.61 0.66 
1 4 0.47 0.54 0.50 0.53 
1 5 0.38 0.45 0.42 0.45 
1 6 0.32 0.39 0.36 0.37 
1 7 0.28 0.34 0.32 0.33 
1 8 0.25 0.30 0.28 0.30 
1 9 0.22 0.27 0.26 0.27 
1 10 0.20 0.24 0.23 0.24 
1 11 0.18 0.22 0.21 0.22 
1 12 0.17 0.20 0.20 0.20 
1 13 0.15 0.19 0.18 0.19 
1 14 0.14 0.18 0.17 0.18 
 
1 15 0.13 0.17 0.16 0.16 
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Table 2: Image analysis results for Area 
SHAPES Height Width Calculated Area 
MCID 
Area 
SPSS 
Area 
CLEMEX 
Area 
1 1 0.79 0.81 0.81 0.86 
1 2 1.57 1.61 1.61 1.70 
1 3 2.36 2.41 2.41 2.54 
1 4 3.14 3.22 3.22 3.40 
1 5 3.93 4.01 4.01 4.23 
1 6 4.71 4.80 4.80 4.91 
1 7 5.50 5.60 5.60 5.91 
1 8 6.28 6.40 6.40 6.74 
1 9 7.07 7.21 7.21 7.59 
1 10 7.85 8.02 8.02 8.43 
1 11 8.64 8.81 8.81 9.27 
1 12 9.42 9.61 9.61 10.10 
1 13 10.21 10.43 10.43 10.97 
1 14 10.99 11.20 11.20 11.78 
 
1 15 11.78 12.01 12.01 12.47 
 
Table 3: Image analysis results for Length 
SHAPES Height Width Calculated Length 
MCID 
Length 
SPSS     
Length 
CLEMEX 
Length 
1 1 1 1.02 1.02 1.06 
1 2 2 2.00 1.98 2.05 
1 3 3 3.03 3.00 3.11 
1 4 4 4.03 4.00 4.14 
1 5 5 5.00 4.97 5.14 
1 6 6 6.00 5.97 6.16 
1 7 7 7.00 6.97 7.19 
1 8 8 8.00 7.97 8.19 
1 9 9 8.97 8.95 9.19 
1 10 10 9.97 9.95 10.22 
1 11 11 10.97 10.95 11.24 
1 12 12 11.95 11.92 12.24 
1 13 13 12.92 12.92 13.27 
1 14 14 13.95 13.92 14.30 
 
1 15 15 14.95 14.92 15.32 
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Figure 1: Comparison of shape factor that is calculated with three different software  
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Figure 2: Comparison of area that is calculated with three different software 
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Figure 3: Comparison of maximum length that is calculated with three different software  
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Then complex shapes as shown in Table 4 were used to analyse the same parameters.  
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To test the sensitivity of the image analysis software, circles with various dimensions (from 
100 mm halving each time and down to 0.1 mm) were drawn. They were printed out and 
scanned and subjected to image analysis. As seen from Figures 4 and 5, the area and the 
bifilm index of these circles are in good relationship with the image analysis results. 
However, the shape factor calculations show (Figure 6) that there was a slight difference 
between the results; SPSS software appeared to give lower values compared to other 
software. 
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Figure 4: Change in the area of circles 
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Figure 5: change in the bifilm index 
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Figure 6: calculation of shape factor using different software 
 
To make sure that the software (Sigma Plot) was measuring accurately, different scanning 
dpi (Dot per Inch) levels and different type of picture formats were used. As seen from 
Figure 7, there was no effect of these variables, the variation was only plus or minus 5%. 
However, as seen from Figure 8, the shape factor is very sensitive to the resolution used. For 
values below 600 dpi, the results are quite misleading, but for resolutions above 600 dpi, the 
results are constant and in good agreement with different picture formats used. 
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Figure 7: measured average area of pores that were scanned at different resolutions 
and saved at different picture formats 
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Figure 8: measured shape factor of pores that were scanned at different resolutions 
and saved at different picture formats 
 
It is important to note that the shape factor results for the basic geometric figures were 
simple; however for the images of the sectioned surface of RPT samples (Figure 9), a round 
pore could easily give a shape factor of 0.61 rather than the expected value of 1. A further 
improvement is required in the software engineering of image analysis.  
 
 
 
(a) 
 
(b) 
 
(c) 
Figure 9: Calculation of shape factor: Result was= 0.61 
Image scanned 1200 dpi saved in JPEG format 
(a) a closer look at the pore, (b) the pore itself,  
(c) after threshold is applied by software 
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APPENDIX III 
Calculation of Air Gap between Bifilm 
 
 
 
Figure 1: Relationship between density of RPT samples and  
Hydrogen content of the melt (100 mbar) 
(Figure taken from Section 4.1.2 – Figure 4.8 c) 
 
A graph between density of RPT and hydrogen content was plotted (Figure 4.8). There exists 
a theoretical ‘almost’ linear relationship between density and hydrogen content (Appendix I). 
This linear line divides the graph into two parts: upper and lower. The samples above this 
line indicate that not all the available hydrogen had been used to form the pore. The samples 
on the line indicate all the hydrogen had been used for pore formation. The samples below 
this line indicated an additional source of gas in the pore. This is expected to be the 
contribution from air that had been originally entrained by the bifilms (Section 5.2).  
 
Therefore an effort was made to calculate the quantity of air. A volume value was found 
from the density difference between the RPT sample and the theoretical density (for 
example: indicated by the arrow in Figure 1). This volume was the volume of porosity which 
formed at various temperatures (Figure 1) and at 100 mbar the RPT test pressure. This 
volume was converted to the STP value. Then, the volume of hydrogen at STP (measured by 
Hyscan equipment) was extracted from this value giving the volume of air per RPT sample at 
STP. Average bifilm index values and total number of pores are known for each sample from 
image analysis results of the sectioned surfaces of RPT samples. From this data, the average 
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volume of air can be calculated per pore. Given the average bifilm length for pore, an 
average air gap can be calculated per bifilm for each temperatures tested in the experiments.  
 
Density (d) of a sample is mass (m) over volume (V): 
V
md =  
Volume of a pore is: 
tRPT
pore dd
mV
−
=  
dRPT: density of RPT samples 
dt: theoretical density according to hydrogen level 
 
Volume of air (Vair) is the volume difference between the pore volume (Vpore) and the volume 
of hydrogen (VHydrogen): 
Hydrogenporeair VVV −=  
 
This volume of the air is formed at 100 mbar (under vacuum in RPT test) at the melt 
temperature (or casting temperature) which needs to be converted to the STP volume which 
is calculated by: 
2
22
1
11
T
VP
T
VP
=  
P1 = 1000 mbar  
V1 = volume of air at STP  
T1 = 293K 
P2 = 100 mbar  
V2 = volume of air at RPT (calculated above as Vair)  
T2 = 973K 
973.1000
.100.293 2
1
VV =  
 
V1 is the total volume of air gap between bifilms in a RPT sample. From the image analysis 
results of the sectioned surface of RPT samples, number of pores and bifilm index is 
calculated. From this data, average air gap per pore (and per bifilm index) can be calculated.  
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Figure 2: A schematic representation of a bifilm 
 
Considering a simple geometry of a bifilm (Figure 2), if the bifilms are assumed to be 
equally as long, on average, in distances measured at right angles to the polished surface, as 
those measured distances in the polished surface. Then the average air gap thickness d from 
V volume of air would be given from the simple relation: 
 
2)(BI
Vd =  
 
BI = l in Figure 2 and is the bifilm index (mm). Squaring this value will give an estimate of 
the total area of bifilm. 
 
 
 
 
 
